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ABSTRACT
6 +The spectral features of LiF:U crystals are studied
experimentally and theoretically. Absorption spectra in the
visible-near UV region are measured at low temperatures for
6 + 6 +various crystals of LiF:U and NaF:U differing in growth 
conditions and chemical compositions. The crystal preparation 
conditions under which different centres are substantially present 
and hence the restrictions placed on the physical nature of these 
centres are discussed. A simple Coulomb point charge calculation 
is made of the defect formation energies for the-various defect 
clusters expected in these crystals in order to identify the 
energetically favourable defect complexes.
A detailed study of the spectroscopic properties of the 
principal centres in LiF:U and NaF:U crystals grown in 
oxidising atmospheres is made using polarized selective excitation 
spectroscopy. For some degenerate electronic level features these 
measurements are complemented by magnetic circular dichroism (MCD) 
measurements. Using these results energy level diagrams for the 
principal centres in LiF:U^+ and NaF:U^+ are derived.
Energy level calculations are made for a UO^ -F complex 
believed to be the configuration of these principal centres 
including Coulomb, exchange, spin-orbit and crystal field inter­
actions and the results compared with the experimental data. A 
good fit of the calculated results to the experimental data is
obtained.
(V)
The visible region absorption and the MCD spectra of some of 
the centres created by x-irradiation in LiF:U and NaF:Ü are 
measured together with growth curves of the dominant new centres. 
Some comments on the possible nature of these centres are made.
(Vi)
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1 . 1  GENERAL
Although in t e n s iv e  i n v e s t i g a t i o n s  o f  th e  o p t i c a l  s p e c t r a  o f  
th e  l a n th a n id e  s e r i e s ,  c h a r a c t e r i s e d  by th e  p resen ce  o f  4 fn 
e l e c t r o n s ,  has been c a r r i e d  o u t  s u c c e s s f u l l y ,  th e  o p t i c a l  s p e c t r a  
o f  compounds c o n ta in in g  a c t i n i d e  io n s ,  hav ing  5 fn e l e c t r o n i c  
c o n f ig u r a t io n s ,  a re  no t n e a r l y  so w e l l  u n d e rs to o d .  For th e  
a c t i n i d e  io n s  in c o rp o ra te d  as i s o l a t e d  io n s  in  c r y s t a l s ,  th e  f r e e  
ion  s p l i t t i n g s  due to  i n t e r e l e c t r o n i c  r e p u l s io n  and s p i n - o r b i t  
co u p lin g  a re  f u r t h e r  augmented by th e  e l e c t r o s t a t i c  f i e l d  
g e n e ra te d  by th e  p re sen ce  o f  o th e r  io n s  in  th e  environm ent which 
d i s t o r t s  th e  f r e e  io n  w avefunc tions  and g ives  r i s e  to  l a rg e  c r y s t a l  
f i e l d  s p l i t t i n g s ,  w hereas ,  f o r  th e  la n th a n id e  s e r i e s  th e  4 f  
e l e c t r o n s  a re  very  h ig h ly  l o c a l i z e d  and hence th e  la n th a n id e  ions  
in  c r y s t a l s  ex p e r ie n c e  much s m a l le r  c r y s t a l  f i e l d  s p l i t t i n g s .
Thus, u n l ik e  th e  s i t u a t i o n  f o r  l a n th a n id e s ,  th e  e n e rg ie s  o f  th e  
c r y s t a l  f i e l d ,  i n t e r - e l e c t r o n  r e p u l s io n  and s p i n - o r b i t  i n t e r ­
a c t io n s  a re  a l l  comparable f o r  th e  a c t i n i d e s  so t h a t  o p t i c a l  
t r a n s i t i o n s  a re  no t observed  as c l o s e l y  spaced  l i n e  groups w ith  
e n e rg ie s  m ain ly  de term ined  by one type  o f  i n t e r a c t i o n .
Most o f  th e  a c t i n i d e s  a re  h ig h ly  r a d io a c t i v e  r e q u i r i n g  
s p e c i a l  p ro ced u res  d u r in g  e x p e r im e n ta l  work. In a d d i t io n  th e  
t ra n s u ra n iu m  elem ents  i n  th e  a c t i n i d e  s e r i e s  a re  no t a v a i l a b l e  in
l a rg e  q u a n t i t i e s  and th e  h a l f - l i v e s  o f  th e s e  e lem ents  may be very  
238s h o r t .  U i s  one o f  th e  few a c t i n i d e s  r e a d i l y  a v a i l a b l e  and
does no t have th e  problems a s s o c ia t e d  w ith  r a d i o a c t i v i t y .  The
uranium io n  i s  known to  e x i s t  i n  every  v a le n c e  s t a t e  from 6+ to  3+,
2+ has  a lso  been su g g e s te d .  The most s tu d ie d  a c t i n i d e  io n  has 
4+ 2been U (5f*“) f o r  which many o p t i c a l  and e l e c t r o n  pa ram agne tic
2resonance  r e s u l t s  have been  p u b l i s h e d  and s u c c e s s f u l  c r y s t a l  
f i e l d  c a l c u l a t i o n s  o b ta in e d .  However, t h e r e  i s  a la ck  o f  un d er­
s ta n d in g  o f  th e  s p e c t r a  o f  the  l/*+ io n  hav ing  th e  c lo se d  s h e l l  
e l e c t r o n i c  c o n f ig u r a t io n  o f  radon .
The u ra n y l  ion  i s  p ro b ab ly  th e  b e s t  known chemical
e n t i t y  a s s o c ia t e d  w ith  a U^+ io n .  Although i t  has been s tu d ie d  
e x t e n s iv e ly  fo r  a long p e r io d  (Dieke and Duncan, 1949: Rabinowitch 
and B e l fo rd ,  1964: G o rl le r -W alran d  and Vanquickenborne 1972a, 1972b 
Denning e t  a l . ,  1976: J o rg e n s e n ,  1977) th e  s p e c t r o s c o p ic
b e h a v io u r  o f  the  u ran y l  io n  was n o t  v e ry  w e ll  u n d e rs to o d .  
S i g n i f i c a n t  p ro g re s s  has been made by Denning and c o l l a b o r a t o r s  
(1976, 1979a, 1979b) i n  e x p la in in g  th e  e x p e r im en ta l  s p e c t r a  o f  the  
u ran y l  io n  in  t e t r a g o n a l  and t r i g o n a l  e q u a t o r i a l  f i e l d s ,  by 
comparing th e  e x p e r im en ta l  d a ta  w ith  an e m p ir ic a l  e l e c t r o n i c  
c o n f ig u r a t io n  model where th e  e x c i t e d  s t a t e s  a r i s e  from fo u r  
p o s s ib le  c o n f ig u r a t io n s  o f  th e  i s o l a t e d  io n .  I t  was shown t h a t  
th e  d a ta  i s  e x p l i c a b le  i n  term s o f  th e  h ig h e s t  energy  occup ied  
o r b i t a l  i n  th e  ground s t a t e  h av in g  G symmetry w ith  th e  e x c i te d
s t a t e s  d e r iv e d  from o  6 and G (b s t a t e s  where th e  d>u u u u u
o r b i t a l  l i e s  above th e  6^ o r b i t a l .  S u b s c r ip t s  g and u r e f e r
to  s t a t e s  w ith  even and odd p a r i t y  r e s p e c t i v e l y .  This model i s
d i f f e r e n t  from th e  e a r l y  model o f  McGlynn and Smith (1961) where
th e  low est e x c i te d  s t a t e s  were assumed to  be d e r iv e d  from e i t h e r  
3 3Hg (j)^  o r  7Tg 6^ and th e  a n a ly s i s  o f  B r in t  and M cCafferty (1973)
and Jo rg en sen  and R e i s f e ld  (1973) who i d e n t i f i e d  th e  e x c i t e d
3 3s t a t e s  as d e r iv e d  from tt 6  o r  tt <b s t a t e s ,  b u t  ag rees  onu u u u
th e  q u e s t io n  o f  the  o rd e r in g  o f  th e  h ig h e s t  occup ied  l e v e l s  w ith  
th e  co n c lu s io n s  o f  Walch and E l l i s  (1976). P rog ress  w ith  th e  
complex su g g e s ts  t h a t  a b e t t e r  u n d e rs ta n d in g  o f  s i m i l a r
3.
6 +complexes, for example, other U oxygen complexes, may be 
attainable.
It has been claimed for a long time that LiF and NaF crystals 
doped with hexavalent uranium and grown in the presence of oxygen 
give rise to some form of uranium oxygen complexes. There is 
strong fluorescence associated with these complexes. In the 
present work this emission and the associated absorption are used 
to try and establish the nature of the complex centres and to 
determine the electronic configurations involved.
Although some models for these centres have,been proposed 
there is still a lot of uncertainty about the nature of these 
centres. In the present work various methods have been used in 
an attempt to obtain more information to establish the nature of 
these centres.
The various different configurations expected in these 
complexes are given in Chapter 2 and simple calculations of defect 
formation energies to find the energetically favourable config­
urations are discussed. The spectral features of crystals grown 
from different starting materials and under different atmospheric 
conditions are reported in Chapter 3. The spectroscopic properties 
of the principal centre are described in Chapter 4. The information 
in this instance is not solely directed at establishing the nature 
of the centre, as using the experimental data only the symmetry 
can be determined. This data, however, if taken together with 
model calculations of possible electronic configurations can yield 
information about the nature of the centres. In Chapter 5 attempts 
have been made to model the electronic configuration of a UO^F 
complex which is considered to be the most probable arrangement of 
the dominant centre. This work, to a large extent, is based on
4.
the calculations of Denning et al. (1979b) on the uranyl ion.
In a separate study attempts were made to change the nature 
of the centres (perhaps the valence) by radiation damage. This 
was undertaken as it was thought that it may be easier to try to 
establish the nature of the radiation damage centres and hence 
deduce the nature of the undamaged centres from which they are 
formed. This work is reported in Chapter 6.
1,2 SURVEY OF STUDIES ON L i F :U6+ AND NaF :U6+ DOMINANT 
CENTRES
6 +The study of the bright blue-green luminescence in LiF:U 
and green-yellow luminescence in NaF:U^+ has been the subject of a 
number of investigations (Slattery 1929: Runciman 1955, 1956: 
Feofilov 1959, 1960: Kaplyanskii et al. 1962, 1963, 1964, 1970: 
Bleijenberg et al. 1978, 1980). The low temperature luminescence 
spectra consists of numerous lines and narrow bands of electronic 
and vibronic nature, showing variability in relative intensity in 
different samples depending on the conditions of their preparation. 
This suggests the presence of different centres containing U^ *+ and 
giving overlapping spectra. However, in all the samples at 77 K, 
there is a pair of intense luminescent lines at 518.5 and 527.8nm 
for LiF:U^+ and at 552.8 and 563.6nm for NaF:U^+ (Kaplyanskii et 
al., 1964), and associated electronic vibrational series. These 
dominant line series in LiF:U^+ and NaF:l/*+ are similar and it is 
highly likely that the associated defect centres are perfectly 
analogous (Feofilov, 1959).
5 .
E ar ly  workers  who d e s c r ib e d  t h e  em iss ion  (Nichols  and
S l a t t e r y ,  1926: S l a t t e r y ,  1929) conc luded  t h a t  th e  uranium i s  i n
s o l i d  s o l u t i o n  w i th  th e  f l u o r i d e ,  hence ,  a t t r i b u t i n g  the
f lu o r e s c e n c e  to  UF^ groups .  However, t h i s  ass ignment cannot
6 + 6 +account s a t i s f a c t o r i l y  f o r  th e  c o l o u r  o f  NaF:U and LiF:U em iss ion  
as s o l i d  UF, has  a b r i g h t  v i o l e t  f lu o r e s c e n c e  (Runciman, 1955) . 
Runciman (1955) was th e  f i r s t  t o  a s c r i b e  th e  luminescence o f  
NaF:U^+ t o  d i f f e r e n t  uranium-oxygen complexes. In Runciman's  
model t h e  luminescence was a t t r i b u t e d  t o  UO^  complexes, w i th  t h e  
excess  n e g a t i v e  charge o f  t h i s  d e f e c t  complex be ing  charge  
compensated i n  d i f f e r e n t  ways t o  produce  v a r io u s  d i f f e r e n t  c e n t r e s .  
The main luminescen t  c e n t r e  was a s s ig n e d  to  be a UCL c l u s t e r  charge  
compensated by an anion vacancy along  < 1 1 1 >  (Figure  1 . 1 a ) ,  
s u g g e s t i n g  t h e  p re s en ce  o f  a t h r e e - f o l d  ax i s  (Runciman, 1956).
The p o s s i b i l i t y  o f  isomorphous s u b s t i t u t i o n  o f  0^ f o r  F and U^+ 
f o r  L i+ o r  Na+ i s  a s s u red  due to  t h e  s i m i l a r i t y  i n  th e  r a d i i  o f  
t h e  0^ ion  ( r  = 1.39 Ä ) and F io n  ( r  = 1 . 3 3 Ä ) ,  and i n  t h e  r a d i i  
o f  t h e  U^+ ion  ( r  = 0.80  Ä ) and th e  L i+ ion  ( r  = 0 . 6 8 Ä )  and th e  
Na+ io n  ( r  = 0 . 9 7 Ä ) .
I n v e s t i g a t i o n s  o f  the  p o l a r i z e d  luminescence  by F e o f i l o v  
(1959,  1960, 1961), Belyaev e t  a l . (1961) ,  K ap lyansk i i  e t  a l .
(1964) r e v e a l e d  t h a t  th e  main c e n t r e s ,  a s s o c i a t e d  wi th  t h e  
lum inescen t  l i n e s  mentioned e a r l i e r ,  a r e  a n i s o t r o p i c  fo rm a t ions  
o r i e n t e d  i n  t h e  c r y s t a l  l a t t i c e  along a f o u r f o l d  symmetry ax i s  
with  t h e  t r a n s i t i o n  i n  t h e  long and shor twave  le ng th  f l u o r e s c e n t  
l i n e s  co r re sp o n d in g  to  magnet ic and induced  e l e c t r i c  d i p o l e  
r a d i a t i o n s  r e s p e c t i v e l y .  F e o f i l o v  (1959) was the  f i r s t  to  
sugges t  a UO^F model w i th  t o t a l  charge  compensation (F ig u re  1.1b) 
with  th e  p r e f e r r e d  d i r e c t i o n  o r i e n t e d  along  one o f  th e  a x i s ,
6 .
(a) UO^  c l u s t e r  w i th  n e g a t iv e  ion  
vacancy along < 1 1 1 >
(b) UO^  c l u s t e r
FIGURE 1 . 1  Uraniurn-oxygen c lusters
(d) UO^  c l u s t e r  w i th  n e g a t iv e  ion  
vacancy along <001 >
7.
for these centres. Piezospectroscopic studies by Kaplyanskii and 
Moskvin (1962, 1963a) provided further evidence for these centres 
having tetragonal symmetry. The existence of a linear pseudo- 
Stark effect in the centres (Kaplyanskii et al. 1970) indicated 
the absence of inversion symmetry. The splittings of these 
centres in an external electric field is termed 'pseudo-Stark' 
splitting, because it is due not to a splitting of degenerate 
levels of individual centres but only to a difference in the 
shifts of the levels of centres with different orientations with 
respect to the external field. Based on group theoretical 
arguments concerning the nature of the associated transitions 
Kaplyanskii et al. (1970) concluded these principal centres to 
have symmetry and proposed a scheme of levels and transitions 
in these centres. All these symmetry conditions are satisfied by 
the model proposed by Feofilov.
These centres have been claimed to be uranyl-like (Figure
1.1c) even as recently as 1963 - 1966 (Kaplyanskii et al. 1962,
1963a: Risgin and Becker, 1966). To obtain an inversionless centre
with tetragonal symmetry one will have to assume some non-centrally
symmetric deformation of the linear ion. Moreover, the
emission spectra of the linear uranyl molecule, which is similar
in its essential features for many salts, consist of a number of
equally spaced bands due to the strong coupling of the totally
symmetric mode with frequency 860 cm  ^ and usually at least four
quanta of it are observed. One quanta of the antisymmetric mode
with frequency 920 cm  ^ and one quanta of the bending mode with
frequency 210 cm  ^ are also present in the uranyl spectrum (Dieke
and Duncan, 1949: Rabinowitch and Belford, 1964). In the emission 
6 + 6 +spectra of LiF:U and NaF:U the coupling of the symmetric mode
8 .
( f req u en cy  800cm  ^ f o r  LiF:U^+ and 708cm  ^ fo r  NaF:U^+) i s  weak
and has low i n t e n s i t y  even f o r  two phonon p r o c e s s e s .  F urtherm ore ,
no v i b r a t i o n a l  f e a tu r e s  e q u iv a le n t  to  th e  an t isy m m etr ic  and
bending  modes o f  th e  u ra n y l  ion  a re  p r e s e n t .  Thus th e  c h a r a c t e r -
6 +  6  +i s t i c s  o f  th e  LiF:U and NaF:U em iss io n  a re  t o t a l l y  u n l ik e  
th o se  a s s o c ia t e d  w ith  u ra n y l  c e n t r e s  i n  o th e r  m a te r i a l s  and i f  
t h i s  i s  ta k e n  to g e th e r  w ith  th e  symmetry c o n s id e r a t io n s ,  i t  can be 
seen  t h a t  i t  i s  d i s t i n c t l y  u n l i k e ly  t h a t  th e  LiF:U^+ and NaF:U^+ 
em ission  a re  due to  u ra n y l  c e n t r e s .
K a p ly a n s k i i ’s model where th e  t r a n s i t i o n s  a s s o c ia te d  w ith  th e
p r i n c i p a l  c e n t r e  were a s s ig n e d  to  e l e c t r i c  and m agnetic  d ip o le
t r a n s i t i o n s  from two l e v e l s  in  th e  e x c i t e d  s t a t e ,  was c r i t i c i z e d
by Pant e t  a l . (1969) based  on t h e i r  o b s e rv a t io n s  o f  some
lum inescence bands o f  th e  e l e c t r i c  d ip o le  s e r i e s  even a t  4 K and
th e  lu m inescen t l e v e l s  hav in g  two decay tim es a t  80 K. These
arguments a r e  b e l i e v e d  to  be i n v a l i d  as th e  lum inescence bands
found a t  4 K by Pant e t  a l . do n o t  be long  to  th e  e l e c t r i c  d ip o le
s e r i e s  o f  th e  p r i n c i p a l  c e n t r e  b u t  to  some o th e r  d i f f e r e n t  c e n t r e s
a c c i d e n t a l l y  p r e s e n t  in  t h e  same re g io n  (Runciman, 1959). The
measurements o f  Runciman and Wong (1979) p r e d i c t  a s in g l e  decay
tim e  f o r  th e  lum inescence l e v e l s  o f  th e  p r i n c i p a l  c e n t r e .  The
2 -
model s u g g es ted  by Pant e t  a l . ,  o f  a UO^  ion  fo r  th e  p r i n c i p a l  
c e n t r e ,  can be d i s c a rd e d  as i t  c o n t r a d i c t s  th e  absence o f  in v e r s io n  
symmetry found from th e  e l e c t r i c  f i e l d  s p l i t t i n g s  by K ap ly an sk ii  
e t  a l .  (1970).
S ince th e  U^+ io n  i s  d ia m a g n e t ic ,  to  use e l e c t r o n  pa ram ag n e tic  
resonance  (EPR), i t  has to  be co n v e r ted  in t o  pa ram agne tic  \ f> + s t a t e  
by x- o r  y - i r r a d i a t i o n . The s t r u c t u r e  o f  th e s e  lT*+ c e n t r e s  
o b ta in e d  from EPR d a t a  w i l l  g ive  some in fo rm a t io n  conce rn ing  th e
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structure of the parent U^+ centres.
Previous electron paramagnetic resonance experiments of Lupei
and coworkers (1974, 1976a, 1976b, 1977, 1979) on irradiated LiF:U
and NaF:U crystals revealed in each case a prevailing centre with
tetragonal symmetry having low g-factors and showing superhyperfine
splitting due to a fluorine nucleus. The hyperfine structure of
235this centre in samples with U proved this centre to be associated
with uranium, which has to be in the form of IT*+ to give the
required paramagnetic centre. This result is significant as it
indicates the presence of a F in the first co-ordination sphere
of the uranium complex. Lupei et al. (1976b) proposed a model,
6 + 2 —where this centre is created from a U centre with five 0 and
one F in the first co-ordination sphere upon irradiation, by the
l/*+ converting into lf’ + by trapping one electron supplied by the 
2_0 ion situated along the fourfold axis. This explanation for
the origin of the electron is not very satisfactory as in view of
the strong interaction of the U^+ and 0^ orbitals (Chapter 5)
2 -transfer of an electron from an 0 ion in the first co-ordination 
sphere to the U^+ ion would not be expected to give a paramagnetic 
centre as observed. The electron needed to form U^+ is much more 
likely to be supplied by distant ions in the lattice.
Parrot and coworkers (1977) have also studied irradiated 
LiF:U crystals. They studied the optical spectra of irradiated 
LiF:U, determining the energy levels for two of the centres 
created by irradiation. From optical and EPR studies of the 
growth rate of these centres under irradiation they concluded one 
of these centres to be associated with the tetragonal centre 
found in EPR experiments by Lupei et al.
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Bagai and Warrier (1977) obtained the absorption spectrum of 
a uranium doped LiF crystal. In the near UV region this is less 
well resolved than the spectra reported in Chapter 4 but they have 
extended the spectrum to higher energy regions. However, their 
analysis is in terms of the linear uranyl complex and this is 
believed to be invalid.
Using luminescence and electrical conductivity measurements,
Bleijenberg and Timmermans (1978) attributed the main luminescent 
6+centre in NaF:U to be a UO^ complex associated with a fluorine
ion vacancy situated at a site along a tetragonal axis of the UO,
<■ 6
group (Figure l.ld). This model is fully consistent with all 
symmetry considerations.
Aleshkevich et al. (1980) calculated the oscillator strengths
6+of some experimental absorption bands in LiF:U , assigning a 
-4value of 2.8 x 10 for the oscillator strength of the band at 
522nm. The relation between oscillator strength f and decay 
rate constant t is given by (Birnbaum, 1964)
, ,2m u g A
fx = — 2 1 —  ■ 0.1)
8tt e g1
where §2^1 are uPPer anc* lower state degeneracies, m, e
are the electronic mass and charge, t) is the velocity of light in
the medium and A is the wavelength associated with the transition.
The decay rate constant given by Runciman and Wong (1979) for the
main centre in LiF:U for the 518.5nm transition is 123.4ys .
This should be corrected to 123.4ms ^. Using this corrected value
together with equation 1.1 yields an oscillator strength of 3.7 x 
-410 for the 518.5nm line and the associated sidebands, in agree­
ment with the result of Aleshkevich et al. (1980). But the
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assignm ent o f  th e  e l e c t r o n i c  t r a n s i t i o n  and v i b r a t i o n a l  f e a tu r e s  
by A leshkev ich  e t  a l . (1980) a re  no t c o n c lu s iv e  as th e  a b s o rp t io n  
bands g iven  in  t h i s  work need no t a l l  be long  t o . t h e  same c e n t r e  
and th e  f e a tu r e s  a s s ig n e d  to  be v i b r a t i o n a l  components a re  no t 
w e ll  r e s o lv e d .  R e su l ts  f o r  p a r t  o f  th e  spectrum  r e p o r te d  in  
C hap ter  4 show t h a t  th e  bands in  th e  UV re g io n  c o n ta in  e l e c t r o n i c  
l e v e l s  t o g e th e r  w ith  v i b r a t i o n a l  f e a t u r e s  and no t a s im ple  
v i b r a t i o n a l  s e r i e s  as a s s ig n e d  by A leshkev ich  e t  a l .
By u s in g  th e  v a r io u s  f ix e d  frequency  e x c i t a t i o n s  a v a i l a b l e  
from an argon ion  l a s e r ,  Runciman and Wong (1979) were a b le  to  
show some f e a t u r e s  o f  th e  d i f f e r e n t  c e n t r e s  b e in g  e x c i t e d .  This 
ty p e  o f  te c h n iq u e  i s  s i g n i f i c a n t l y  improved i f  a tu n a b le  dye l a s e r  
can be used . This  was done by B le i je n b e rg  and B reddels  (1980) who 
used a tu n a b le  dye l a s e r  to  e x c i t e  s e l e c t i v e l y  th e  d i f f e r e n t  
c e n t r e s  i n  NaF:l/*+ . They s e p a ra te d  th e  s p e c t r a l  f e a tu r e s  o f  th e  
p r i n c i p a l  c e n t r e  in  NaF:U^+ in  em iss ion  and e x c i t a t i o n  s p e c t r a  and 
i n t e r p r e t e d  them in  term s o f  a UO^  vacancy model d e p ic te d  in  
F igu re  l . l d .  They a s s ig n e d  th e  zerophonon l i n e s  a t  5 6 3 .6nm and 
5 5 2 .8nm in  NaF:U to  A  ^ ■ +  A  ^ and E -* A  ^ t r a n s i t i o n s  r e s p e c t ­
iv e ly .  B le i je n b e rg  and B re d d e ls ,  a l th o u g h  u s in g  s e l e c t i v e  
e x c i t a t i o n ,  have n o t  c o n s id e re d  th e  p o l a r i z a t i o n  o f  th e  e x c i t i n g  
and e m it te d  l i g h t .  Hence d e t a i l e d  in fo rm a t io n  i s  l o s t  and 
c o n seq u en tly  th e y  make wrong ass ig n m e n ts ,  th e  most n o ta b le  o f  
which i s  th e  5 5 2 .8nm l i n e  to  a E -* A  ^ t r a n s i t i o n .  The m easure­
ments d e s c r ib e d  in  C hap ter  4 and a l r e a d y  p u b l ish e d  in  o u t l i n e  
(Runciman e t  a l . ,  1981) have shown t h a t  no E d o u b le t  i s  in v o lv ed  
in  th e  5 5 2 .8nm t r a n s i t i o n  and g ive  su p p o r t  to  th e  ass ignm ent o f  
K ap lyansk ii  e t  a l . (1970) o f  th e  5 5 2 .8nm l i n e  to  a A  ^ -*■ A  ^
t r a n s i t i o n .  These measurements do r e v e a l  th e  p re sen ce  o f  an E s t a t e
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b u t in  an e n t i r e l y  d i f f e r e n t  energy  p o s i t i o n .
D esp ite  th e  e x te n s iv e  work on t h i s  s u b j e c t ,  th e  exac t 
p h y s ic a l  n a tu r e  o f  th e s e  c e n t r e s  was n o t  c l e a r . .  The symmetry 
a s s o c ia t e d  w ith  th e s e  c e n t r e s  i s  p o sse ssed  by bo th  th e  UO^F 
(F ig u re  1 .1b) and th e  UO^  vacancy (F ig u re  1 . Id) models. The 
rem oteness  o f  th e  vacancy from th e  c e n t r e  o f  th e  complex i n  th e  
l a t t e r  model would make i t  d i f f i c u l t  to  account f o r  th e  
c o n s id e ra b le  u n ia x ia l  s t r e s s  and e l e c t r i c  f i e l d  s p l i t t i n g s  which 
has been observed .  The EPR work o f  Lupei e t  a l . s u g g e s ts  th e  
e x i s t e n c e  o f  UO,_F c e n t r e s  i n  u n i r r a d i a t e d  c r y s t a l s .  Hence a UO,_F 
model f o r  t h e  p r i n c i p a l  c e n t r e  i n  LiF:U^+ and NaF:U^+ c r y s t a l s  
grown in  o x id i s i n g  atm osphere seems to  be more p l a u s i b l e .
The combined r e s u l t s  o f  EPR and lum inescence measurements on 
s in g le  c r y s t a l s  grown under v a r io u s  c o n d i t io n s ,  ve ry  r e c e n t l y ,  o f  
Lupei e t  a l . (1982) g ive  f u l l  su p p o r t  f o r  th e  n a tu re  o f  th e  main 
h e x a v a le n t  uranium  c e n t r e  i n  NaF b e in g  a HO^F complex.
I t  i s  s t i l l  n o t  c l e a r  what a r e  th e  e l e c t r o n i c  t r a n s i t i o n s  
r e s p o n s ib le  f o r  th e  lum inescence and a b s o rp t io n  f e a t u r e s  o f  th e s e  
c e n t r e s .  P a r ro t  e t  a l . (1981) a re  th e  on ly  au th o rs  to  t a c k l e  t h i s  
q u e s t io n  on th e  b a s i s  o f  a UO^  c l u s t e r .  They analyzed  th e  
p o la r i z e d  em iss ion  and e x c i t a t i o n  s p e c t r a  o f  th e  L iF : l /> + main 
c e n t r e  and proposed  an e l e c t r o n i c  c o n f ig u r a t io n  model a s s o c i a t i n g  
th e  l i n e s  i n  th e  v i s i b l e  r e g io n  to  t r a n s i t i o n s  between th e  
fundam ental s t a t e  6p^ and th e  s t a t e s  o f  th e  e x c i te d  c o n f ig u r a t io n  
6p^ 7s. One would expec t  th e s e  to  be a llow ed  t r a n s i t i o n s  and 
hence th e  sm all  v a lu e  f o r  th e  o s c i l l a t o r  s t r e n g t h  o f  th e s e  
t r a n s i t i o n s  (m entioned i n  a p re v io u s  s e c t i o n )  i s  i n  c o n t r a d i c t i o n  
w ith  t h i s  model. P a r r o t ' s  model would su g g es t  s i m i l a r  i n t e n s i t i e s  
f o r  th e  5 1 8 .5nm and 5 0 3 .3nm a b s o rp t io n  l i n e s  a t t r i b u t e d  to
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r i (6p6 , lS )  r i (J= l)  and r ^ (6 p ^ , lS )  -> r 5 (J=l) r e s p e c t i v e l y  b u t  
th e  5 0 3 .3nm l i n e  i s  very  much weaker th a n  th e  5 1 8 .5nm l i n e  
(C hapter  4 ) .  Moreover, P a r r o t ' s  model would p r e d i c t  a g -v a lu e  o f  
g r e a t e r  th a n  u n i ty  and l e s s  th a n  1.5 f o r  th e  s t a t e  w ith  J  = 1 , 
i n  c o n t r a d i c t i o n  to  th e  observed  g -v a lu e  o f  - 0 .0 8 .  I t  i s  much 
more l i k e l y  t h a t  th e  p h y s ic a l  s i t u a t i o n  i s  analogous to  t h a t  in  
th e  u ra n y l  complex (Denning e t  a l . ,  1979b) where th e  e x c i t e d  s t a t e  
c o n f ig u r a t io n s  a re  due to  a e l e c t r o n  t r a n s f e r  from th e  oxygen 
o r b i t a l  to  th e  empty uranium  5 f  o r b i t a l .
1 , 3  SURVEY OF S T U D I E S  ON L i F : U 6 +  AND N a F : U 6 +  SECONDARY 
CENTRES
A ll o f  th e  above m entioned d i s c u s s io n  i s  d i r e c t e d  a t  th e  
dominant c e n t r e  i n  LiF:U^+ and NaF:U^+ . Most workers r e p o r t  
em iss ion  from v a r io u s  c e n t r e s  in  th e s e  c r y s t a l s .  The r e l a t i v e  
i n t e n s i t y  o f  th e  l i n e s  a s s o c ia t e d  w ith  th e s e  c e n t r e s  depend to  a 
g r e a t  e x te n t  upon sample p r e p a r a t io n  c o n d i t io n s  and hence th e  
s p e c t r a  r e p o r t e d  can d i f f e r  from a u th o r  to  au th o r  (Belyaev e t  a l .  
1959, 1960, 1961: B le i je n b e rg  and Timmermans, 1978: Runciman and 
Wong, 1979: Lupei e t  a l . ,  1982).
The symmetry o f  some o f  th e s e  a d d i t i o n a l  c e n t r e s  have been 
e s t a b l i s h e d  by K ap ly an sk ii  e t  a l . (1962, 1963a, 1963b, 1970) u s in g  
th e  u n ia x i a l  s t r e s s  and e l e c t r i c  f i e l d  s p l i t t i n g s  o f  th e  a s s o c i a t e d  
s p e c t r a l  l i n e s .  The s p e c t r o s c o p ic  d e t a i l s  o f  th e s e  c e n t r e s  can be 
e s t a b l i s h e d  u s in g  s e l e c t i v e  e x c i t a t i o n  te c h n iq u e s .
However, so f a r  th e  on ly  r e p o r te d  measurement o f  t h i s  ty p e  
a re  th o se  o f  B le i je n b e rg  and B reddels  (1980) f o r  some NaF:U^+
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centres. The variation in luminescence from sample to sample can
also be used to establish the spectra associated with separate
centres. Using this method together with electrical conductivity
measurements Bleijenberg and Timmermans (1978) suggested assignments
6 +of models for some of these additional centres in NaF:U . These 
assignments are in question and will be discussed in Chapter 3 
where the centres observed in different crystals in the current 
work are reported.
Lupei et al. (1979, 1982) have obtained several new U^+
centres in x or y irradiated LiF:U and NaF:U ,crystals and from
the analysis of the EPR spectra proposed tentative models of charge
compensation. An unambiguous connection of these U^+ centres with 
6+the U centres in unirradiated crystals requires good isolation 
of one U^+ centre in a given sample. It can be seen from the data 
presented in Chapter 3 that this is not easily achieved.
CHAPTER 2 : POINT DEFECT FORMATION ENERGY 
CALCULATION IN LiF(U.O)•
2.1 INTRODUCTION
2.2 THE METHOD OF CALCULATING THE DEFECT ENERGY
2.3 NON-COULOMB POTENTIAL
2.4 COULOMB CONTRIBUTIONS
2.5 LATTICE RELAXATION
2,6 RESULTS AND DISCUSSION
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2 , * 1  I N T R O D U C T I O N
This c h a p te r  d e s c r i b e s  a d e f e c t  fo rm at ion  energy c a l c u l a t i o n  
f o r  v a r io u s  p o s s i b l e  models o f  h e x a v a l e n t  uranium c e n t r e s  i n  
l i t h i u m  f l u o r i d e .  Th is  c a l c u l a t i o n  was based  on th e  computer  
program o f  Richardson (1982) which i s  i n  FORTRAN and c a l c u l a t e s  
t h e  fo rm at ion  e n e r g i e s  o f  v acanc ies  and i n t e r s t i t i a l s  i n  cub ic  
i o n i c  c r y s t a l s .  The o r i g i n a l  program o f  Richardson implements 
l a t t i c e  r e l a x a t i o n  e f f e c t s ,  Coulomb p o t e n t i a l  and s h o r t  range  non- 
Coulomb p o t e n t i a l  e f f e c t s .  For reasons  e x p la in e d  l a t e r ,  th e  
program was s i m p l i f i e d  to  c a l c u l a t e  fo rm a t ion  e n e r g i e s  o f  
v acanc ies  and i n t e r s t i t i a l s  i n  a r i g i d  ion  l a t t i c e  c o n s id e r i n g  
only t h e  Coulomb i n t e r a c t i o n  between t h e  ions  and n e g l e c t i n g  
r e l a x a t i o n  e f f e c t s .
2 , 2  T H E  M E T H O D  O F  C A L C U L A T I N G  T H E  D E F E C T  E N E R G Y
The d e f e c t  fo rm a t ion  energy  i s  t h e  change i n  energy between 
t h e  b in d i n g  e n e rg i e s  o f  t h e  d e f e c t  c r y s t a l  and th e  i d e a l  c r y s t a l .  
T h e re fo re ,  i n  g en e ra l  we r e q u i r e  t o  c a l c u l a t e  th e  energy due to
( i )  t h e  p resence  o f  th e  d e f e c t  (changes i n  i n t e r a c t i o n s  
w i th  ne ighbours )
( i i )  t h e  l a t t i c e  r e l a x a t i o n s  around th e  d e f e c t  and
( i i i )  t h e  changes i n  e l e c t r o n i c  s t r u c t u r e  due t o  t h e  d e f e c t  
( s c r e e n i n g  and e l e c t r o n  r e l a x a t i o n ) .
The l a s t  c o n t r i b u t i o n  i s  n e g l i g i b l e  i n  LiF which i s  an 
e l e c t r o n i c  i n s u l a t o r  and hence has  l i t t l e  o v e r l a p  o f  i o n i c
o r b i t a l s .
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In an ionic system like LiF we will have two interaction 
potentials, the Coulomb potential and the non-Coulomb short-range 
potential, contributing to (1).
2,3 NON-COULOMB POTENTIAL
To include non-Coulomb potentials in our calculation we 
require anion-anion, cation-anion and cation-cation potentials for 
the ideal host lattice ions and interstitial-host anion, 
interstitial-host cation potentials and as there are more than one 
interstitial in the defect complexes considered (figures 2.1 - 2.8), 
then all the interactions between interstitials have to be 
described as well.
It is a difficult task to find suitable non-Coulomb potentials 
and there is no absolute validity of these. This problem has been 
discussed for alkali halides by Catlow et al. (1977). As an 
example even in the simplest case of a UO^ model, we require 
suitable potentials to describe the U-0, U-F, 0-F, 0-0 and F-F 
non-Coulomb interactions. A simple approximation would be to 
treat the oxygen and fluorine ions as equivalent and to use the 
potentials available for UO^ (Catlow, 1977a). However, these UO^ 
potentials are appropriate for a fluorite structure whereas our 
defect complexes have a rocksalt structure, hence, adopting these 
potentials will not give very reliable results.
Moreover, the present calculation was mainly aimed at finding 
the plausible configurations for a given number of specified defect 
ions and vacancies to help to gain some information about the
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physical nature of the defect centres in LiF(U,0). In all cases 
there are approximately the same number of nearest neighbour 
interactions and these dominate the non-Coulombic interactions. 
Hence as the interest was only in the differences in energy 
between configurations having identical constituent ions and 
vacancies, the non-Coulomb potential was not included in the 
present work.
2,4 COULOMB CONTRIBUTIONS
The Coulomb potential between ions i and j is described 
by
q. q.
* (r..) = , (2.4.1)
J ij
for ion charges q^ , q^ and
r . . = I r. -r. I , (2.4.2)
where r^ represents an ion position in the crystal. The present 
work considers a cluster of discrete ions in a spherical region 
with the presence of the defect at the centre of this region, S .
The Coulomb energy of ions in the spherical region S is given by 
the lattice sums
EcS i,jes rij
i<3
(2.4.3)
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The Coulomb p o t e n t i a l  c o n t r i b u t i o n  t o  t h e  d e f e c t  fo rmat ion  
energy  w i l l  be given  by t h e  d i f f e r e n c e  i n  t h i s  sum f o r  t h e  d e f e c t  
c r y s t a l  and t h e  i d e a l  c r y s t a l .  This  d i f f e r e n c e ,  could  be s e p a r a t e d  
i n t o  two p a r t s  as fo l lo w s .
(a) S in g le  d e f e c t  c o n t r i b u t i o n ,  which i s  t h e  change in  Coulomb 
sum when a d e f e c t  i s  i n t r o d u c e d  i n  t h e  i d e a l  l a t t i c e  and i s  given 
by
Ec
j e s  r i j  
i*j
( 2 .4 . 4 )
N e g le c t in g  l a t t i c e  r e l a x a t i o n  e f f e c t s ,  e q u a t io n  (2 .4)  can be r e ­
w r i t t e n  as
Ec (q -^q^ ( 2 .4 . 5 )
where q!^  , q^ a re  t h e  ion  charges  a t  i o n  s i t e  i  f o r  t h e  d e f e c t  
and i d e a l  c r y s t a l s  r e s p e c t i v e l y ,  i s  th e  Madelung c o n s t a n t  and
a i s  th e  l a t t i c e  p a ram ete r .
I f  i s  t h e  r e g io n  d e f in e d  by t h e  d e f e c t  complex, th e
t o t a l  s i n g l e  d e f e c t  c o n t r i b u t i o n  f o r  an u n re la x e d  l a t t i c e  i s  given  
by
4  K-V * T
16S1
( 2 .4 . 6 )
where i  i s  a sum over  t h e  d e f e c t  ions  on ly .
(b) D e f e c t - d e f e c t  c o n t r i b u t i o n  i s  t h e  change i n  Coulomb energy 
a t  a d e f e c t  s i t e  due to  t h e  p re s e n c e  o f  o t h e r  d e f e c t s .  This  can
be w r i t t e n  as
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Ec2 l
i>jGS1
i£j
cq±"qi.) r. . 
iJ
li,ies1
i/j
(qj-q^ (2.4.7)
where i and j refer to only the defect ions. The first term 
in equation (2.4.7) is the defect-defect contribution for the 
defect lattice. The second term removes the redundant term 
already calculated in the Madelung sum.
The total defect formation energy will be a sum of the two 
contributions
Ecdefect
„c „c 
E1 + E2 (2.4.8)
2.5 LATTICE RELAXATION
It should be noted that equations (2.4.5) and (2.4.6) hold
true only if relaxation of ions about the lattice sites is
ignored. If relaxation effects, which would violate translational
invariance, were to be included it would require calculating the 
v qisum 2. — ~  equation (2.4.4) explicitly and using it in equation
Ti;i “m(2.4.6) to replace —  . This can be done using Ewald's method 
(Nijboer and de Wette, 1957: Richardson, 1982). To obtain a good 
convergence of the Coulomb sum for large defect clusters, as is 
the case in the present study a large sphere of ions around the 
defect cluster (about 600 ions in this case) will have to be 
considered.
The present program (Richardson, 1982), if lattice relaxation
2 0 .
e f f e c t s  were im plem ented, would need to  s t o r e  the  second 
d e r iv a t iv e s  o f  th e  energy  w ith  r e s p e c t  to  d isp la cem e n ts '  as a 
m a tr ix  o f  s i z e  3N(3N+l)/2 f o r  N io n s  c o n s id e re d  in  th e  sp h e re .  
For N ~ 600 , as in  t h i s  c a s e ,  t h i s  would have r e q u i r e d  a very  
la rg e  computer s to r a g e  which was n o t  f e a s i b l e .  T h is  s to r a g e  can 
be reduced  by m in im ising  th e  energy  u s in g  lower d e r i v a t i e s ,  b u t  a t  
th e  c o s t  o f  g r e a t l y  i n c r e a s in g  th e  computing tim e r e q u i r e d .
Also non-Coulomb p o t e n t i a l s  have a l a r g e  e f f e c t  on th e  
r e l a x a t i o n  o f  th e  io n s  and r e a l i s t i c  r e l a x a t i o n  c a l c u l a t i o n s  a re  
no t f e a s i b l e  i f  non-Coulomb p o t e n t i a l s  a re  n o t  in c lu d e d .  Hence 
r e l a x a t i o n  e f f e c t s  were n o t  in c lu d e d  i n  th e  p r e s e n t  c a l c u l a t i o n .  
T h e re fo re ,  f u l l  l a t t i c e  sums were no t s t r i c t l y  r e q u i r e d  as only  
sums over  d e f e c t  io n s  and vacancy s i t e s  as p e r  e q u a t io n  (2 .4 .6 )  
and (2 .4 .7 )  were needed to g e th e r  w ith  a l re a d y  a v a i l a b l e  Madelung 
c o n s ta n t s .  The Madelung c o n s ta n t  was c a l c u la te d  u s in g  th e  
Ewald’s method a l re a d y  implemented i n  th e  program b u t  t h i s  i s  no t 
c r u c i a l  to  th e  r e s u l t .
2 . 6  RESULTS AND DISCUSSION
F igu res  2 .1  - 2 .8  show th e  p o s s i b l e  c o n f ig u r a t io n s  co n s id e re d  
in  t h i s  s tu d y  and g iv e  th e  c a l c u l a t e d  d e f e c t  fo rm ation  e n e rg ie s  o f  
th e s e  i n  a LiF c r y s t a l .  The main c e n t r e  in  LiF(U) i s  b e l ie v e d  to  
be a UO^  complex (C hap ter  1) and i s  p r e s e n t  in  a l l  th e  c r y s t a l s  
i r r e s p e c t i v e  o f  th e  growth c o n d i t io n s  (C hap ter  3 ) ,  w ith  th e  o th e r  
c e n t r e s  p r e s e n t  to  a s u b s t a n t i a l  amount on ly  in  c e r t a i n  c r y s t a l s .  
Hence i t  i s  a p p ro p r ia te  to  c o n s id e r  th e  d i f f e r e n t  c o n f ig u ra t io n s
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(a) U05 + OM = -292.45 eV
-301.82 eV -3Q1.03 eV
CONCLUSION - Clusters (b) and (c) are energetically favourable
FIGURE 2.1 UOgM complexes. M is a divalent ion.
(a) U05 + o - L i - □  = -263.35 eV
CONCLUSION - Clusters (c) and (d) are energetically favourable
FIGURE 2 ,2  UOgC^  comP^exes- Op is a vacancy at a F s i te
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(a) UO5 + UO5 = -513.65 eV
CONCLUSION - Clusters Co), (c) and (d) are energetically favourable
FIGURE 2 .3 ^2 ^ * 1 0  comP^exes
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(a )  UO5 + 0 — R — 0 = -3 3 5 . 9 2  eV
(b)  U05 + 0 —  R = - 3 3 ^ . 4 2  eV
I
0
- 3 4 3 . 6 7  eV
o
R --------O
- 3 4 2 . 8 8  eV
-3 4 1 . 2 8  eV
FIGURE 2 ,4  UOyR complexes
R is a t r i v a le n t  ion
o
2 4 .
-332.78 eV
CONCLUSION - C l u s t e r s  ( c ) , ( d ) , ( e ) , ( f ) ,  (g)  and (h)  a r e  e n e r e e t i c a l l v  f a v o u r a b l e
F I G U R E  2 , 4  UOy R complexes (cont.)
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(a) UO5 + TO3 - ~337,29 eV
-399.81 eV -599.10 eVO -392.« eV
CONCLUSION - All clusters (b) - (O' are energetically favourable
FIGURE 2 , 5  UOgT complexes
T is a tetravalent ion
2 6 .
(a) -241 .73  eV
-244 .94  eV -243 .45  eV
-242 .55  eV
a
- 243 .37  eV
U05nLiüp complexes
is a vacancy at a Li s ite
FIGURE 2 . 6
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-2 4 2 . 5 6  eV
a
o Du
F
- 2 4 2 . 2 7  eV
-2 4 2 .0 0  eV
U0^ü|jüp complexes (con t.)FI GURE 2 , 6
2 8 .
□u
-233.13 eV
COftCLUSION - C l u s t e r s  ( b )  - ( j )  a r e  e n e r g e t i c a l l y  f a v o u r a b l e
U0,£}.Dp complexes (cont.)F I G U R E  2 , 6
2 9 .
( a )  UO5 +[ p Li- a 3  - [ü f-öj -238.10 eV
-223.88 eV
-223.20 eV
U04nLi complexesFIGURE 2 ,7
3 0 .
-218.37 eV
CGiiCLUSlOIl - A l l  c l u s t e r s  { b )  -  (k) a r e  no t  e n e r g e t i c a l l y  f a v o u r a b l e
FIGURE 2 , 7  U04DLi complexes ( cont . )
3 1 .
U°5 + 2 j Ö L i -  D > 2  L  a F- ö ]  = -216 .27  eV
(e)
o---- □
- 1 8 2 .9 8  eV
•187.16 eV
(f)
o u----o----□
Ö -181.80 eV
Li
( O □u
- F  —
-179.70 eV
u— o— a.
o -171.61 eV
FIGURE 2 , 8  U0^LiDLi complexes
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( i )
O
C O N C L U S I O N  -
-178.97 eV
A l l  c l u s t e r s  (b) - (k)  a r e  no t  e n e r g e t i c a l l y  f a v o u r a b l e
U0,n. complexes (cont .)FIGURE 2 ,8
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as based  on a UO^  complex and some o th e r  d e f e c t s .  T h e re fo re ,  th e  
c o n f ig u r a t io n s  which have lower energy th a n  th e  sum o f  th e  e n e rg ie s  
o f  the  components n e c e s s a ry  to  form th e s e  complexes from a UO,. 
complex ( th e s e  a re  a l s o  g iven  in  th e  f ig u r e s )  would be p l a u s i b l e .
I t  i s  h ig h ly  l i k e l y  t h a t  th e  v a r io u s  c e n t r e s  i n  LiF(U) and 
NaF(U) a re  uranium oxygen complexes o f  d i f f e r e n t  sym m etries ,  
to g e th e r  w ith  o th e r  d e f e c t  o r  d e f e c t s  to  g ive  charge  com pensation. 
The p a r t i c u l a r  c l u s t e r s  chosen f o r  t h i s  s tu d y  a re  th e  ones which 
a re  more l i k e l y  to  be p r e s e n t .  For example, p re sen ce  o f  Mg^+ in  
th e  m elt o f  LiF(U) enhances th e  r e l a t i v e  i n t e n s i t y  o f  a c e n t r e  
w ith  a b s o rp t io n  a t  4 8 2 .8nm (C hap ter  3 ) .  T h e re fo re  i t  i s  d e s i r a b l e  
to  compare th e  fo rm atio n  e n e rg ie s  o f  d i f f e r e n t  UO^ M (M i s  a 
d iv a l e n t  ion) , and UO ^ 111^411  ^ complexes as Mg^+ can e i t h e r
be d i r e c t l y  in v o lv ed  in  th e  d e f e c t  c e n t r e  o r  can produce p o s i t i v e  
ion  v a ca n c ie s  to  c r e a t e  th e  c e n t r e .
A d i s t i n c t  f e a t u r e  i n  th e s e  r e s u l t s  i s  th e  sm all  energy 
d i f f e r e n c e  between th e  c o n f ig u r a t io n s  o f  s i m i l a r  complexes 
compared to  t h e  a b s o lu te  m agnitudes o f  th e  Coulomb d e fe c t  
fo rm atio n  e n e r g i e s .  But a lthough  th e s e  a r e  only  a sm all 
p e rc e n ta g e  o f  th e  a b s o lu te  e n e r g i e s ,  th e  energy d i f f e r e n c e s  in  
th e  o rd e r  o f  1-10 eV a r e  s i g n i f i c a n t  as th e y  a re  com parable to  th e  
cohes ive  e n e rg ie s  o f  LiF and NaF which a re  10.7 eV and 9 .5  eV 
r e s p e c t i v e l y  (Hardy and Karo, 1979). I t  shou ld  be p o in te d  out 
t h a t  th e  d e f e c t  fo rm ation  e n e rg ie s  o f  th e s e  complexes i n  a NaF 
h o s t  l a t t i c e  ( p o s s ib le  c o n f ig u r a t io n s  fo r  NaF(U) c e n t r e s  d e sc r ib e d  
in  C hap ter  3 ) ,  can be o b ta in e d  by m u l t ip ly in g  th e  p r e s e n t  r e s u l t s  
by a f a c t o r  o f  0 .8 7 ,  which i s  th e  r a t i o  o f  th e  l a t t i c e  pa ram e te r  
in  LiF and NaF c r y s t a l s .  This s c a l i n g  i s  r e q u i r e d  due to  th e  r   ^
te rm  in  th e  Madelung c o n s ta n t .
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The e x c lu s io n  o f  th e  s h o r t  range  c o n t r i b u t i o n  to  th e  energy
i s  n o t  ex p ec ted  to  a f f e c t  th e  r e s u l t s ,  as i t  i s  e s s e n t i a l l y  a
n e a r e s t  ne ig h b o u r  i n t e r a c t i o n .  Most o f  th e  d e f e c ts  i n  th e
c o n f ig u r a t io n s  in  each s e t  have s i m i l a r  ne ighbours  i n  th e  f i r s t
2 -c o o rd in a t io n  sphere  w ith  th e  in te r c h a n g in g  o f  F and 0 i n  some
c a s e s .  The s i m i l a r i t y  between th e  e l e c t r o n i c  c o n f ig u r a t io n  and
2 -
th e  r a d i i  o f  F and 0 io n s  i n d i c a t e s  s i m i l a r  p o t e n t i a l s  f o r  th e  
two io n s  (Catlow , 1977b).
For example l e t  us c o n s id e r  th e  two d i f f e r e n t  UO^ M complexes.
These a re  shown ag a in  i n  F igure  2 .9  in  g r e a t e r  d e t a i l .  The uranium
io n  and ^ 0 ,  ^ 0  and ^ 0  io n s  have th e  same n e a r e s t  ne ighbour
i n t e r a c t i o n s  in  b o th  c a s e s .  One o f  th e  M2 + - F i n t e r a c t i o n  in
F igu re  2 .9 a  i s  changed to  a M2* - 0 2 i n t e r a c t i o n  in  F igu re  2 .9b ,
and one o f  th e  L i+ - 0 2 i n t e r a c t i o n  in  F igu re  2 .9 a  i s  changed to
a L i+ - F i n t e r a c t i o n  in  F igu re  2 .9b b u t  assuming s i m i l a r
2 -p o t e n t i a l s  f o r  F and 0 r e s u l t s  i n  th e s e  i n t e r a c t i o n s  b e in g  
e q u iv a le n t .  The ^ O 2" - M2+, ^ O 2'  - L i+ , ^ O 2" - L i+ i n t e r ­
a c t io n s  i n  F igu re  2 .9 a  a re  r e p la c e d  by ^ 0 2 - Li , ^2^02 - M2 ,
131 2- 2+K J0 - M i n t e r a c t i o n s  i n  F igu re  2 .9 b .  Hence, to  a f i r s t
approx im ation  th e  on ly  n e a r e s t  n e ig h b o u r  i n t e r a c t i o n  change between
2 -  +th e  two UO^ M complexes i s  th e  rep lacem en t o f  a 0 - Li i n t e r -
2 -  2+a c t io n  by a 0 - M i n t e r a c t i o n .
In c lu d in g  th e  e f f e c t s  o f  l a t t i c e  r e l a x a t i o n  would make a 
s i g n i f i c a n t  r e d u c t io n  in  th e  magnitude o f  th e  d e f e c t  fo rm ation  
energy . For example, th e  m agnitudes o f  th e  u n re la x ed  and re la x e d  
e n e rg ie s  i n  NaCl a re  7.2 eV and 4 .7  eV f o r  a c a t io n  vacancy and 
7 .3  eV and 5 .1  eV f o r  an an ion  vacancy r e s p e c t i v e l y  (R ichardson , 
p r i v a t e  com m unica tion). As i n  th e  case  o f  th e  s h o r t  range  
p o t e n t i a l ,  though in c lu d in g  l a t t i c e  r e l a x a t i o n  e f f e c t s  would
- O
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affect the magnitudes of the formation energies substantially one 
would not expect it to change the energy differences to-a great 
extent, since nearest (and possibly next nearest) neighbour ions 
have the most significant relaxations. This could be verified 
only by implementing lattice relaxation effects'in the calculation. 
The present problem with the large storage space required could be 
reduced by using the point group symmetry about the defect to 
block diagonalise the required matrix (Richardson, 1982), but this 
has not been attempted in the present work.
Although this calculation is only an approximation of the
real situation, due to the limitations mentioned above, it provides
a basis for predicting the physical nature of possible centres.
For example, this indicates that formation of UO .CL . or UOXl .r 4 Li 3 Li Li
complexes are energetically unfavourable in LiF and NaF, compared 
with a UO^ centre (Figures 2.7 and 2.8). Which of the two 
configurations for a UO^M is more likely to form is more difficult 
to answer on the basis of the present results, as the differences 
in the formation energies for the two complexes are small (Figure 
2.1) and implementing lattice relaxation and short range potential 
calculations could change the result. It is more likely that both 
complexes exist in the crystal as they are both energetically 
similar. The results of the calculation suggest that for uranium- 
oxygen-aliovalent ion complexes the linear configurations are 
lower in energies (Figures 2.1b, 2.3b, 2.4c, 2.5b) than more 
closely packed configurations, within the limitations of this 
calculation. This is to be expected in view of the large positive 
charge of the uranium ion, which would tend to repel the other 
positive ion. Thus, the linear configurations where the uranium 
effect on the positive ion is screened by the oxygen in between
3 7 .
(example F igure  2.9a)  w i l l  be lower i n  energy  than  a more c l o s e l y  
packed c o n f i g u r a t i o n  (example F igure  2 . 9 b ) .
These c a l c u l a t i o n s  on ly  depend on t h e  Madelung c o n s t a n t s  and 
hence th e  c o n c lu s io n s  apply  t o  a l l  t h e  a l k a l i  h a l i d e  h o s t  l a t t i c e s  
a l though  th e  fo rm at ion  e n e r g i e s  have to  be s c a l e d  by th e  
a p p r o p r i a t e  l a t t i c e  p a ram e te r .  I n d i v i d u a l  d i f f e r e n c e s  f o r  
d i f f e r e n t  a l k a l i  h a l i d e s  w i l l  occur  on ly  when a non-Coulombic 
p o t e n t i a l  i s  in c lu d e d .
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3,1 INTRODUCTION
It has been known for a long time that hexavalent uranium 
doped LiF and NaF have very strong luminescence in the blue-green 
and green-yellow regions respectively (Slattery, 1929). The 
presence of oxygen during sample preparation is essential for this 
emission to occur. The low temperature luminescence spectra 
consists of numerous narrow bands and lines, showing variability 
in relative intensity from sample to sample depending on the 
different sample preparing conditions. This suggests the presence 
of several types of luminescence centres. This emission has been 
attributed to uranium-oxygen complexes with the diversity of the 
centres arising from different methods of local charge compensation 
(Runciman, 1956: Feofilov, 1959: Kaplyanskii et al. 1963a, 1963b, 
1964, 1970: Bleijenberg and Timmermans, 1978: Runciman and Wong, 
1979: Bleijenberg and Breddels, 1980).
The low temperature absorption spectrum of LiF(U) was 
investigated by Runciman and Wong (1979) and the relative line 
intensities were found to be very specimen dependent. Bleijenberg 
and Breddels (1980), using selective excitation techniques, 
obtained the individual absorption spectra due to three different 
luminescent centres in NaF(U) whose relative intensities varies in 
samples grown under various conditions (Bleijenberg and Timmermans, 
1978) .
The present work is a further study of the absorption of the 
different uranium centres in LiF(U) and NaF(U) and the influence 
of different growth conditions on these centres.
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3 ,2  EXPERIMENTAL DETAILS
The crystals used in this study, unless mentioned otherwise, 
were grown by the Czochralski method using r-f induction heating 
of a platinum crucible. These crystals were grown with different 
uranium concentrations which was introduced into the melt in the 
form of uranyl nitrate or oxide. These different forms of the 
activators will lead to the same results as uranyl nitrate will 
decompose to the oxide at temperatures lower than the melting 
point of the host crystals (870°C for LiF and 980°C for NaF)
(Belyaev et al., 1960). It has also been found '(Belyaev et al.,
1961) that LiF(U) crystals show similar luminescence spectra 
whether the activator is introduced as uranyl nitrate or uranyl 
sulfate. But some chemical compositions of the added uranium 
compound are found to affect the luminescence spectrum as LiF 
activated with uranyl acetate has an intense additional luminescence 
line series with the main line at 522.5nm (Kaplyanskii and Moskvin,
1962) .
The crystals were greenish in color for LiF(U) with the 
concentrated uranium crystals fluorescing green and less uranium 
concentrated crystals showing blue fluorescence. For NaF (U), the 
uranium concentrated crystals had an orangish color and fluoresced 
yellow and the low uranium concentrated crystals were of a pale 
yellow color and fluoresced yellow. The maximum uranium 
concentration in single crystals obtained was 0.03 at.% for 
LiF and 0.2 at.% for NaF. At higher concentrations precipitated 
crystals were formed on the melt surface. These percentages refer 
to the amounts added to the melt. The uniform coloring of most of 
these crystals and the left over melt in the crucible suggests the
4 0 .
same uranium c o n c e n t r a t io n  fo r  th e  c r y s t a l .  Some o f  th e  LiF(U) 
c r y s t a l s ,  grown in  a l im i t e d  oxygen a tm osphere , showed a marked 
v a r i a t i o n  in  f lu o re s c e n c e  w ith  t h e  to p  p a r t  o f  th e  c r y s t a l  which 
was f i r s t  p u l l e d  ou t o f  th e  m elt f l u o r e s c i n g  green and th e  bottom 
p a r t  f l u o r e s c i n g  b lu e .
For w aveleng th  measurements th e  c r y s t a l s  were cooled  by 
the rm al c o n ta c t  w ith  l i q u i d  n i t r o g e n  o r  l i q u i d  helium  in  a g la s s  
dewar and p h o to g ra p h ic  p l a t e s  o f  a b s o rp t io n  and f lu o re s c e n c e  were 
ta k e n  w ith  a H i lg e r  s p e c t ro g ra p h .  C a l ib r a t i o n  was made u s in g  i r o n  
a rc  r e f e r e n c e  s p e c t r a .
For a b s o rp t io n  measurements c r y s t a l s  were coo led  to  about 15K 
by he lium  gas flow i n  a flow tube  and th e  spec trum  was reco rd ed  
u s in g  a Cary 17 s p e c tro p h o to m e te r .
3 , 3  A B S O R P T I O N  S P E C T R A  OF L i F ( U )
The low te m p e ra tu re  a b s o rp t io n  s p e c t r a  o f  LiF(U) i s  ve ry  
complex due to  th e  o v e r la p p in g  s p e c t r a  o f  d i f f e r e n t  c e n t r e s .
F ig u re  3.1 shows a p o r t i o n  o f  th e  a b s o rp t io n  and em iss ion  s p e c t r a  
o f  a LiF(U) c r y s t a l  grown i n  an o x id i s i n g  a tm osphere . The r e l a t i v e  
i n t e n s i t i e s  o f  th e s e  c e n t r e s  and hence th e  l i n e  s e r i e s  a s s o c ia t e d  
w ith  them a r e  very  sample dependen t.  The a b s o rp t io n  s p e c t r a  o f  
some LiF(U) c r y s t a l s  a re  shown in  a paper  by Runciman and Wong 
(1979) which in c lu d e d  a l i s t  o f  a b s o rp t io n  and f lu o r e s c e n t  l i n e s  
i n  L iF (U ). The i d e n t i f i c a t i o n  o f  l i n e s  b e lo n g in g  to  th e  same 
c e n t r e  i s  complex due to  th e  o v e r la p p in g  n a tu r e  o f  th e  d i f f e r e n t
c e n t r e s .
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A b s o rp t io n
Emission
W a v e le n g t h  (nm)
FIGURE 3.1 Absorption and emission spectra of 
LiF(U) crystal
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S e le c t iv e  e x c i t a t i o n  te c h n iq u e  u s in g  a dye l a s e r  was 
a t tem p ted  f o r  t h i s  p u rp o se .  The p a r t i c u l a r  e x p e r im en ta l  s e t - u p  
used i s  d e s c r ib e d  in  C hap ter  4. Although t h i s  enab led  th e  l i n e s  
b e lo n g in g  to  th e  dominant 5 1 8 .5nm a b s o rp t io n  l i n e  s e r i e s  to  be 
found (C hap ter  4 ) ,  i t  was d i f f i c u l t  to  s e p a r a t e  th e  in d iv id u a l  
s p e c t r a  o f  th e  o th e r  c e n t r e s .  F ig u re  3.2 shows th e  em ission  
s p e c t r a  o f  some o f  th e  long w avelength  c e n t r e s  p r e s e n t  in  LiF(U).
I t  can be se e n ,  as an example, t h a t  i t  i s  d i f f i c u l t  t o  m on ito r  th e  
em iss ion  o f  th e  c e n t r e  shown in  F igu re  3.2b w ith o u t  i n t e r f e r e n c e  
from th e  c e n t r e  shown in  F igure  3 .2 a ,  b o th  o f  which a re  comparable 
i n  i n t e n s i t y  i n  most sam ples . The 5 1 8 .5nm l i n e  i s  lower i n  energy 
th a n  l i n e s  due to  o th e r  s t r o n g ly  p r e s e n t  c e n t r e s ,  and hence can be 
e x c i te d  w i th o u t  e x c i t i n g  o th e r  c e n t r e s  t o  g ive  th e  em ission  s p e c t r a  
o f  t h i s  c e n t r e  (F igu re  3 .2 c ) .  The c e n t r e s  to  th e  lo n g e r  w avelength  
s id e  o f  t h i s  p r i n c i p a l  c e n t r e ,  (em iss ion  o f  two o f  th e s e  a r e  shown 
in  F ig u re s  3 .2d  and 3 .2e)  a re  v e ry  weak i n  r e l a t i v e  i n t e n s i t y  and 
hence i n t e r f e r e n c e  from th e s e  c e n t r e s  i n  th e  em ission  and e x c i t a t i o n  
s p e c t r a  o f  th e  p r i n c i p a l  c e n t r e  was n e g l i g i b l e .
M onito ring  th e  peak o f  th e  em ission  zero-phonon l i n e  and 
sweeping th e  e x c i t i n g  l a s e r  w aveleng th  g ives  th e  a b s o rp t io n  s p e c t r a  
a s s o c ia t e d  w ith  th e  c e n t r e .  T h is  can be checked by m o n i to r in g  th e  
em ission  in  th e  wings o f  th e  zero-phonon em ission  l i n e  and aga in  
sweeping th e  e x c i t i n g  w aveleng th . A d i s t i n c t  r e d u c t io n  i n  th e  
i n t e n s i t y  o f  th e  a b s o rp t io n  l i n e s  in  th e  second in s t a n c e  i s  an 
i n d i c a t i o n  o f  th e  l i n e s  b e lo n g in g  to  t h a t  p a r t i c u l a r  c e n t r e  and n o t  
to  some o th e r  c e n t r e  which might a c c i d e n t a l l y  have a no n -ze ro  
em ission  s ideband  a t  t h e  w avelength  o f  th e  m onito red  em iss ion .
Using t h i s  te c h n iq u e  on c r y s t a l s  hav ing  d i f f e r e n t  a b s o rp t io n  l i n e  
s e r i e s  enab led  some l i n e s  i n  th e  a b s o rp t io n  s p e c t r a  to  be a s c r ib e d
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Emission spectra of some LiF(U) centres.
The arrows indicate scattered light fron the 
exciting beam. Crosses indicate features due 
to other centres.
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to  p a r t i c u l a r  c e n t r e s .  T ab le  3.1 g ives  a l i s t  o f  a b s o r p t i o n  
l i n e s  i n  LiF(U) and Table  3.2 g ives  a l i s t  o f  f l u o r e s c e n t  l i n e s  in  
LiF(U) a t  77K and 4.2K, o b t a in e d  from th e  r e s u l t s  o f  Runciman and 
Wong (1979) .  For conven ience  l e t t e r s  a r e  a s s ig n e d  to  some o f  t h e  
l i n e s  t o  i n d i c a t e  th e  l i n e s  b e lo n g in g  to  th e  same c e n t r e .
The a b s o r p t i o n  l i n e  s e r i e s  w i th  t h e  main l i n e s  a t  518 .5 ,
505 .2 ,  49 2 .1 ,  488 .2 ,  482.8  and 4 7 6 . 6nm cor respond  t o  t h e  c e n t r e s  
o f  Runciman and Wong (1979) .  An a b s o r p t i o n  l i n e  a t  5 0 2 .Onm was 
observed  i n  few c r y s t a l s  which does not  be long  t o  any o f  th e s e  
l i n e  s e r i e s ,  hence  must be due to  a n o th e r  c e n t r e .  These c e n t r e s  
w i l l  be r e f e r r e d  t o  as A , B , CT, D , E , F and G c e n t r e s  i n
Li l_j Li Li Li Li Li
o r d e r  o f  i n c r e a s i n g  energy i n  t h e  fo l l o w in g  t e x t .
Varying th e  p r e p a r a t i o n  c o n d i t i o n s  o f  th e  c r y s t a l s  g ives  a 
d i s t i n c t  change i n  t h e  r e l a t i v e  i n t e n s i t i e s  o f  t h e s e  c e n t r e s .
Many c r y s t a l s  were grown d i f f e r i n g  in  t h e  p u r i t y  o f  LiF,  
c o n c e n t r a t i o n  o f  uranium,  added i m p u r i t i e s  i n  t h e  melt  and t h e  
c r y s t a l  growth atmosphere,  t o  i s o l a t e  t h e s e  c e n t r e s  and s tudy  the  
i n f l u e n c e  o f  t h e s e  f a c t o r s  i n  p roduc ing  i n d i v i d u a l  c e n t r e s .  For 
s i m p l i c i t y  on ly  th e  most i n f o r m a t i v e  r e s u l t s  w i l l  be quoted f o r  
t h e  r e l e v a n t  c r y s t a l s  deno ted  by t h e  c r y s t a l  number.
There were t h r e e  d i f f e r e n t  l i t h i u m  f l u o r i d e  s t a r t i n g  m a t e r i a l s ,  
Unilab  LiF powder w i th  minimum p u r i t y  99.5%, B.D.H. e x t r a  pure  LiF 
powder w i th  minimum p u r i t y  98% and zone r e f i n e d  l i t h i u m  f l u o r i d e  
c r y s t a l  p i e c e s .
3 , 3 , 1  EFFECTS OF URANIUM CONCENTRATION
A bsorp t ion  s p e c t r a  o f  c r y s t a l s  grown i n  a i r  from Uni lab  LiF 
powder w i th  uranium c o n c e n t r a t i o n  ran g in g  from 0.0003 at .% t o  0.03
4 5 .
TABLE 3 , 1  Absorption spectra of LiF:U at 77 K and 4.2  K
77 K 4 . 2 K
A(nm) v l c m - 1 ) I A(nm) v ( c m - 1 ) I O r i g i  n
3 5 0 . 4 2 2 8 2 0 7 M 3 5 4 . 6 0 2 8 1 9 3 S
a l
3 5 9 . 0 7 27842 W
3 6 0 . 6 6 2 7 71 9 W 3 6 0 . 6 7 2 7 7 1 8 w-
3 6 2 . 8 4 2 7 5 5 3 VW
3 6 4 . 3 7 2 7 4 3 7  ' w
3 6 8 . 7 7 2 7 1 0 9 W 3 6 8 . 7 7 27110 s
3 7 0 . 4 8 2 6 9 8 4 W 3 7 0 . 5 3 26981 w
3 7 6 . 5 5 2 6 5 4 9 W 3 7 6 . 6 0 2 6546 s
a l
3 7 9 . 3 7 2 6 3 5 2 w 3 7 9 . 3 5 2 6 353 w
3 8 1 . 0 2 2 6 2 3 8 w 3 8 1 . 0 0 2 6239 s
3 8 1 . 4 0 2 6 21 2 w 3 8 1 . 4 6 2 6 2 0 8 s
3 9 0 . 2 8 2 5615 VW
3 9 1 . 4 5 2 5 5 3 9 w 3 9 1 . 2 2 2 5 5 5 4 VW
a l
3 9 3 . 3 5 2 5415 M 3 9 3 . 4 1 2 5 4 1 2 M
4 0 1 . 6 3 2 4 8 9 2 w 4 0 1 . 6 7 2 4 8 8 9 VW
4 0 3 . 0 9 2 4 8 0 1 M 4 0 3 . 1 5 2 4 7 9 8 s
a l
4 6 5 . 8 6 2 1460 VW 4 6 5 . 7 3 2 1 4 6 6 VW
f l
4 7 1 . 8 4 2 1 1 8 8 W 4 7 1 . 6 8 2 1 1 9 5 w
4 7 2 . 6 2 2 1 1 5 3 w
4 7 4 . 0 9 2 1 0 8 7 VW 4 7 4 . 0 2 2 1 0 9 0 w
dl
4 7 6 . 5 6 2 0 9 7 8 s 4 7 6 . 4 8 20981 s
g l
4 7 7 . 3 3 2 0 9 4 4 w
4 8 2 . 8 4 2 0 7 0 5 v s 4 8 2 . 7 6 2 0 7 0 9 v s
f l
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Table 3.1 (cont.)
4 8 6 . 5 8 2 0 5 4 6 M 4 8 6 . 4 7 2 0 5 5 1 . W b l
4 8 8 . 1 4 2 0 4 8 0 M 4 8 8 . 0 5 2 0 4 8 4 S
e l
4 8 8 . 4 4 2 0 4 6 8 VW 4 8 8 . 3 4 2 0 4 7 2  • W
4 9 0 . 4 0 2 0 3 8 6 W
4 9 0 . 9 5 2 0 3 6 3 W 4 9 0 . 8 4 2 0 3 6 8 w
4 9 1 . 0 4 2 0 3 6 0 w
4 9 1 . 4 4 2 0 3 5 5 w
4 9 1 . 9 8 2 0 3 2 1 M 4 9 1 . 8 7 2 0 325 M
4 9 2 . 2 3 2 0310 VS 4 9 2 . 1 6 2 0 3 1 3 VS d l
4 9 3 . 8 7 2 0 2 4 2 W 4 9 3 . 7 5 2 0 2 4 8 w
4 9 4 . 0 7 2 0 2 3 4 M
4 9 4 . 1 7 2 0 2 3 0 M 4 9 4 . 1 2 2 0 2 3 3 W
4 9 6 . 2 5 2 0 1 4 6 W 4 9 5 . 7 8 2 0 1 6 5 W a l
4 9 6 . 6 2 2 0 1 3 1 w
4 9 8 . 4 7 2 0 0 5 6 S 4 9 8 . 3 6 20060 s
4 9 8 . 8 0 2 0 0 4 3 VS 4 9 8 . 7 2 2 0 0 4 6 v s \
4 9 9 . 5 8 2 0 011 w
5 0 0 . 0 0 19995 w
5 0 0 . 8 3 19961 M 5 0 0 . 7 5 19964 M a l
5 0 1 . 0 7 1 9 952 W
5 0 1 . 4 1 1 9 9 3 8 W
5 0 2 . 8 3 19882 w 5 0 2 . 7 7 19884 W b l
5 0 3 . 2 7 1986 5 w 5 0 3 . 1 7 1 9 8 6 8 w a l
5 0 4 . 6 3 19811 s 5 0 4 . 5 3 19815 s
5 0 5 . 1 6 1 9 79 0 v s 5 0 5 . 0 7 19794 v s b l
5 0 7 . 0 6 1971 6 s 5 0 6 . 9 8 1 9 719 s
5 0 7 . 2 6 1 9 7 0 8 w
4 7 .
Table 3.1 (cont.)
5 0 7 .8 4 19686 W 5 0 7 .7 5 19689. W
5 0 8 .9 2 19644 W 5 0 8 .8 1 19648 W
a l
5 0 9 .5 4 1 9 6 2 1 ‘ w
5 1 0 .2 3 19594 w
5 1 3 .0 1 19487 w
5 1 3 .6 5 19463 vw 5 1 3 .5 5 19467 w
a l
5 1 4 .7 8 19420 w
5 1 5 .8 0 19382 s 5 1 5 .7 6 19384 s
5 1 6 .0 4 19373 s 5 1 5 .9 2 19378 M
a l
5 1 7 .4 5 19320 w 5 1 7 .3 9 19323 W
5 1 8 .4 8 19282 vs 5 1 8 .4 6 19284 VS
a l
5 1 9 .0 6 19260 vw 5 1 9 .0 5 19261 w
5 1 9 .4 8 19245 M 5 1 9 .4 2 19247 M
h l
5 2 0 .2 8 19215 W 5 2 0 .2 2 19217 W
5 2 1 .1 9 19182 M
5 2 1 .9 4 19154 VW 5 2 1 .9 0 19152 W
5 2 7 .8 0 18941 W 5 2 7 .7 2 18944 W
a l
5 2 8 .5 7 18914 W 5 2 8 .5 0 18916 W
VS - very strong 
S - strong 
M - medium 
W - weak
4 8 .
TABLE 3 ,2  Fluorescence spectra of LiF:U at 77 K and 4.2 K
77 K 4.2 K
A(nm) v ( c m  *) I A(nm) v ( c m _ 1 ) I O r i  gi  i
4 7 1 . 8 0 2 1 1 9 0 M 4 7 1 . 7 0 2 1 1 9 4 M
g l
4 7 6 . 5 7 2 0 9 7 7 S
4 7 7 . 5 3 2 0 9 3 5 w 4 7 7 . 4 1 20941 w.
4 8 0 . 3 6 2 0 1 8 2 w 4 8 0 . 2 6 20816 w
4 8 2 . 6 6 2 0 7 1 3 s 4 8 2 . 6 3 20714  ' v s
g l
4 8 2 . 8 7 2 0 7 0 4 s
f l
4 8 4 . 8 7 2 0 6 1 8 w
f l
4 8 6 . 2 9 2 0 5 5 8 w 4 8 6 . 2 5 20560 w
4 8 6 . 6 7 2 0 54 2 s 4 8 6 . 5 7 2 0 546 s
f l
4 8 8 . 1 6 2 0 48 0 w
e l
4 8 9 . 4 7 2 0 4 2 5 w 4 8 9 . 3 7 2 0 4 2 9 w
4 9 1 . 9 8 2 0 3 2 0 w
d l
4 9 2 . 5 6 2 0 2 9 6 M 4 9 2 . 5 8 2 0 296 M
4 9 3 . 0 3 2 0277 M 4 3 3 . 0 3 2 0 2 7 7 M
4 9 1 . 9 8 2 9 2 5 0 W 4 9 3 . 4 3 2 0 260 S
4 9 4 . 1 6 2023 1 M
4 9 4 . 8 2 2 0 2 0 4 M 4 9 4 . 6 7 2 0 2 1 0 S
e l
4 9 5 . 2 2 2 0 1 8 7 w
4 9 5 . 6 9 2 0 1 6 8 w
4 9 5 . 8 6 2 0 10 1 W
g l
4 9 6 . 3 1 2 0 1 4 3 w
4 9 6 . 8 0 2 0 1 2 3 w
f l
4 9 8 . 9 2 2 0 0 3 8 W
4 9 .
Table 3.2 (con t . )
4 9 9 . 2 9 20023 M 4 9 9 . 2 0 20027. S
d l
5 0 0 . 3 2 19982 W 5 0 0 . 2 3 19985 W
5 0 1 . 0 0 19955 W 5 0 0 . 9 0 19958' W
5 0 1 . 6 6 19928 M 5 0 1 . 5 5 19932 VS
5 0 2 . 3 8 19900 M 5 0 2 . 2 9 19903 w
g l
5 0 4 . 6 3 19811 W
5 0 5 . 1 7 19790 VS
b l
5 0 5 . 7 1 19769 w
5 0 6 . 2 4 19748 w
5 0 6 . 6 9 19731 w 5 0 6 . 5 7 19735 w
5 0 7 . 0 4 19717 w
5 0 7 . 3 6 19705 vw
5 0 7 . 5 8 19696 w
b l
5 0 9 . 7 3 19613 w 5 0 9 . 6 1 19618 S
5 1 3 . 0 4 19486 w 5 1 2 . 9 5 19490 s
5 1 3 . 6 6 19463 vs 5 1 3 . 5 9 19466 vs
b l
5 1 4 . 8 9 19416 w 5 1 4 . 7 8 19420 M
5 1 6 . 6 8 19349 M 5 1 6 . 6 0 19352 s
b l
5 1 8 . 5 1 19281 VS
a l
5 2 0 . 9 4 19191 w
a l
5 2 2 . 2 7 19142 vw
5 2 3 . 7 0 19090 w
a l
5 2 4 . 5 9 19057 w 5 2 4 . 5 0 19060 M
h l
5 2 6 . 2 9 18996 w
5 2 7 . 8 1 18941 vs 5 2 7 . 7 5 18943 VS
a l
5 3 0 . 5 1 18845 w
a l
5 3 5 . 3 8 18673 w B,
5 0 .
Table 3.2 (con t . )
5 3 5 . 9 8 18652. W
h l
5 3 7 . 3 1 18606 W
a l
5 3 8 . 0 0 18585 W
a l
5 3 8 . 3 6 18570 w
5 4 0 . 9 7 18480 M
a l
5 4 3 . 7 4 18386 W
a l
5 4 7 . 9 4 18245 vw
a l
5 4 8 . 8 9 18214 vw
a l
5 5 1 . 0 9 18141 M 5 5 1 . 0 7 18142 s K
at.% were recorded. Crystals with uranium concentration less 
than 0.003 at.% showed little absorption with nearly equal
51.
intensity for the A and F centres. Crystals with 0.01-0.03L Li
at.% U showed strong absorption dominated by the A centre.
Li
Absorption spectrum of a zone refined LiF crystal with 0.005 
at.% U grown in an oxygen atmosphere showed intense 
absorption due to A centre with negligible absorption due to
Li
other centres.
0.03 at.% was the maximum concentration of uranium which 
could be incorporated in a LiF single crystal grown by the 
Czochralski method.
3,3.2 EFFECTS OF CRYSTAL GROWTH ATMOSPHERE
All crystals described in this section were doped with 0.01 
at.% U. Zone refined LiF(U) crystals, C50 grown in an argon 
atmosphere and C51 grown in 1 torr air plus purified argon to make 
one bar, showed very little absorption. The centre C^ was found 
to be weakly present in these crystals. When zone refined LiF(U) 
was grown in 50 torr 0^, C57, it showed the strong presence of the 
A centre.Li
C59, a crystal of LiF(U) grown from Unilab powder in 0.2 torr 
0^ and 49.8 torr Ar showed very little absorption. A similar 
crystal, C58, grown in 50 torr 02 showed a graded variation in 
fluorescence with the top part of the crystal fluorescing green 
and giving an intense absorption spectrum whereas the bottom part 
fluoresced blue and had little absorption (Figure 3.3). C26, a
crystal of Unilab LiF(U) with 0.5 mol. % Li^O^ grown in 50 torr air 
and C69, a crystal of zone refined LiF(U) with 0.5 mol. % Li^CO^
52.
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grown in 50 torr 0 ,  showed similar graded variations in 
fluoresence. But this effect was not present in C60, a crystal 
grown from Unilab LiF(U) with 0.1 mol. % Li^SO^.H^O grown in 50 torr 
C>2 or in C65 , a crystal of zone refined LiF(U) with 0.1 mol. % LiQH 
grown in 50 torr air and Ar to one bar.
C67, a crystal of extra pure LiF(U) grown in 50 torr 0^ and 
Ar to one bar, showed uniform fluorescence and had absorption 
mainly due to the centre A .Li
3.3,3 effects of impurity a d d i t i o n to the melt
a) LiOH, Li0D
When 0.1 mol.% LiOH was added to the melt of zone refined LiF 
with 0.005 at.% U, the crystal (C29) grown in 0^, showed a distinct 
increase in the relative intensity of the absorption line series 
of centre B compared to the zone refined LiF crystal with 0.005Li
at.% U grown in 0^, C28. Figure 3.4 depicts a portion of the 
absorption spectra which shows the change in the relative 
intensities of this line series in the two crystals. A small 
increase in the relative intensity of the line series of centre 
D. also can be observed. C70, a crystal of zone refined LiF with
Li
0.01 at.% U and 0.5 mol. % LiOH.H^O grown in 0^, did not show a big 
enhancement of this effect. When 1.0 mol. % LiOH and 0.005 at.% U 
was added to zone refined LiF melt, the crystal grown in oxygen 
(C34) showed no presence of any of these centres.
The absorption spectrum of a zone refined LiF crystal (C30) 
containing 0.005 at.% U and 0.1mol.%Li0D and grown in 0^ is also 
shown in Figure 3.4. Adding LiOD does not seem to have any effect 
except slightly increasing the very weak line at 504.5nm.
5 4 .
W a v e le n g  th (nm )
FIGURE 3 ,4  Absorption spectra o f
(a) LiF(0.005 a t . 7. U)
(b) LiF(0.005 at.% U, 0.1 at.% Li OH)
(c) LiF(0.005 at.% U, 0.1 at.% LiOD)
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b) L i2C03
Two c r y s t a l s  o f  zone r e f i n e d  LiF w ith  0.01 at.% U were grown 
in  50 t o r r  0^ and Ar to  one b a r ,  one (C66) w ith  added 0 .1  mol.% 
Li^CO^, th e  o th e r  (C69) w ith  0 .5  m ol. % Li^CO^. The f i r s t  c r y s t a l  
f lu o re s c e d  u n ifo rm ly  and had s t r o n g  a b s o rp t io n  due to  c e n t r e  A
Li
and weak a b s o rp t io n  due to  c e n t r e s  CT and F . The to p  p a r t  o f  th e
L L
second c r y s t a l  f lu o re s c e d  g reen  w ith  s t r o n g  a b s o rp t io n  due to  A
L
and D c e n t r e s .  The bottom  p a r t  f lu o re s c e d  b lu e  and had very
Li
l i t t l e  a b s o rp t io n .  C ry s ta l  grown from U nilab  LiF powder w ith  0.01 
at.% U and 0 .5  mol. % Li^CO^ in  50 t o r r  a i r  (C62) showed th e  same 
v a r i a t i o n  in  f lu o re s c e n c e  w ith  th e  g reen  f lu o r e s c i n g  to p  p a r t  
showing a b s o rp t io n  due to  c e n t r e s  A , B and DT. C64, a zone
r e f in e d  LiF c r y s t a l  w ith  0 .01 at.% U and 1 .0  m ol. % L^CCL grown in  
50 t o r r  0^ and Ar to  one b a r ,  d id  n o t  show th e  p re sen ce  o f  any o f  
th e s e  c e n t r e s .
C102, th e  c r y s t a l  grown from zone r e f i n e d  LiF w ith  0 .01  at.%
U and 0 .3  mol.% Li^CO^ in  0^ , b u t  w ith  th e  m elt f i r s t  h e a te d  in  
vacuum to  g e t  r i d  o f  th e  w a te r ,  showed s t r o n g  a b s o rp t io n  due to  
c e n t r e  A b u t  weak a b s o rp t io n  due to  c e n t r e s  B and D .
Li L Lj
C100, a c r y s t a l  o f  zone r e f i n e d  LiF w ith  0 .01 at.% U, 0 .1  mol.% 
Li^CO^ and 0 .1  mol.% LiOH w ith  th e  m elt f i r s t  h e a te d  in  vacuum to  
g e t  r i d  o f  w a te r  and grown in  0^ ,  had s t r o n g  a b s o rp t io n  due to  
c e n t r e  A , m odera te  a b s o rp t io n  due to  c e n t r e  CT and l i t t l e
Li Lj
a b s o rp t io n  due to  c e n t r e  B . C101, a c r y s t a l  o f  zone r e f in e d  LiF
L
w ith  0 .01  at .%  U, 0 .1  m ol. % Li^CO^ and 0 .1  m ol. % LiOD, showed s t ro n g  
a b s o rp t io n  due to  c e n t r e  A w ith  m oderate a b s o rp t io n  due to  c e n t r e s
L
B and D .
L L
c) Li2S04
A c r y s t a l  grown from U nilab  LiF powder w ith  0.01 at.% U and
5 6 .
O.lmol.% Li^SO^.H^O i n  50 t o r r  0^ (C59) had a b s o r p t i o n  dominated 
by t h e  A and B c e n t r e s .
Li Li
d) Carbon
C56, a c r y s t a l  o f  zone r e f i n e d  LiF w i th  0.01 at.% U and 0.1 
at .% C grown i n  a i r  showed a b s o r p t i o n  mainly  due t o  c e n t r e  A .
Li
When t h e  remain ing  melt  was al lowed  t o  cool  s low ly  i n  a i r ,  i t  
produced c r y s t a l l i n e  specimens which showed ve ry  s t r o n g  a b s o r p t i o n  
due to  t h e  c e n t r e s  A , B and D .
JL Li Li
e) MgF2
C4, a c r y s t a l  grown from Unilab  LiF powder w i th  0.01 at .% U 
and 1.0 mol. % MgF i n  a i r  had a b s o r p t i o n  dominated by c e n t r e  F
Li
(F igu re  3 . 5 ) .  S i m i l a r  r e s u l t s  were o b t a in e d  f o r  C45, a c r y s t a l  o f  
zone r e f i n e d  LiF wi th  0 .01 at .% U and 0 .1  mol. % MgF2 grown i n  10 
t o r r  a i r  and a n o th e r  c r y s t a l  (C53) grown from the  l e f t  over  melt  
i n  oxygen.  Specimens from melt  o f  zone r e f i n e d  LiF wi th  0 .05  at.% 
U and 0.1mol.%MgF2 slow cooled  i n  oxygen (C54) showed s t r o n g  
p re sence  o f  c e n t r e s  A and F and moderate  a b s o r p t i o n  due t o
Li Li
c e n t r e  C .
L j
C49, a c r y s t a l  grown from Unilab LiF powder w i th  0.1  mol.% 
MgF^ and no added uranium in  50 t o r r  0^ d id  not  show t h e  p re sence  
o f  any o f  t h e s e  c e n t r e s .
f )  Na^SiFg
C82, a c r y s t a l  o f  zone r e f i n e d  LiF w i th  0.01 at .% U and 0.01 
molANa^SiF^ grown i n  oxygen, had s t r o n g  a b s o r p t i o n  due t o  c e n t r e  
A^ w i th  weaker a b s o r p t i o n  due to  c e n t r e  D^. C63, a c r y s t a l  grown
from Unilab LiF powder w i th  0.01 at .% U and 0 .5  mol. % Na^SiF^ in  
50 t o r r  0^,  showed very  l i t t l e  a b s o r p t i o n  due to  any o f  t h e s e
c e n t r e s .
5 7 .
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g) Other impurities
C r y s ta l s  were grown in  oxygen from m elt  c o n ta in in g  zone 
r e f in e d  LiF w ith  0.005 at.% U and 0 .1  mol. % o f  an o th e r  added 
im p u r i ty .  ZnF2 , TiC>2 anc* were t r i e d  as th e  im p u r i ty .  The
t h r e e  c r y s t a l s  o b ta in e d ,  C35, C38 and C37, showed very  l i t t l e  
a b s o rp t io n  due to  any o f  th e s e  c e n t r e s .
3 . 4  D I S C U S S I O N  OF THE L i F ( U )  CENTRES
T able  3 .3  summarises th e  growth c o n d i t io n s  under which 
c r y s t a l s  o f  LiF(U) show s t r o n g  p re se n c e  o f  th e  l i n e  s e r i e s  o f  the  
d i f f e r e n t  c e n t r e s .
C en tre  A i s  dominant i n  th e  a b s o rp t io n  s p e c t r a  o f  LiF(U)
Li
c r y s t a l s  ex ce p t when magnesium i s  added to  th e  m e lt .  This  c e n t r e  
i s  weak in  c r y s t a l s  c o n ta in in g  low uranium c o n c e n t r a t i o n ,  grown in  
l im i t e d  oxygen atm osphere o r  when la rg e  q u a n t i t i e s  o f  im p u r i t i e s  
a re  p r e s e n t  i n  th e  m e lt .  The f i r s t  two r e s u l t s  a r e  expec ted  on 
th e  b a s i s  o f  t h i s  c e n t r e  b e in g  a uranium -oxygen complex as f i r s t  
deduced by F e o f i lo v  (1959).  The l a s t  r e s u l t  might be due to  th e  
l a r g e  amount o f  im p u r i ty  a c t in g  as a f i l t e r  in  th e  m elt by forming 
compounds w ith  th e  uranium a v a i l a b l e  th u s  re d u c in g  th e  uranium  
in c o r p o r a t io n  in  th e  c r y s t a l ,  o r  a l t e r n a t i v e l y  forming v o l a t i l e  
uranium  compounds which ev a p o ra te  from th e  m e lt .  The l a t t e r  
e f f e c t  has been observed  by Belyaev e t  a l .  (1957) f o r  heavy -m eta l 
a c t i v a t o r s  i n  a l k a l i  h a l i d e  c r y s t a l s .  A d e t a i l e d  s tu d y  o f  t h i s  
A c e n t r e  i s  p r e s e n te d  i n  C hap ter  4.
L j
I t  i s  d i f f i c u l t  a t  t h i s  s ta g e  to  f in d  th e  p o s s ib le  im p u r i t i e s
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r e s p o n s i b l e  f o r  t h e  c e n t r e s  B and D . The in c r e a s e  i n  th e
L Li
r e l a t i v e  i n t e n s i t y  o f  t h e s e  c e n t r e s  when LiOH or  Li^CO^ i s  added 
t o  t h e  m e l t ,  b u t  not  when t h e  melt  i s  p r e h e a t e d  i n  vacuum to  get  
r i d  o f  t h e  troub lesome im p u r i t y  H^O, s u g g e s t s  t h e s e  c e n t r e s  a re  
enhanced by t h e  p re sence  o f  w a te r  i n  t h e  m e l t .  ( I t  must be noted  
t h a t  i t  i s  d i f f i c u l t  t o  keep  Li^CO^ d ry . )
Using p o l a r i z e d  luminescence  s t u d i e s  F e o f i l o v  (1959) and 
Belyaev e t  a l . (1960) concluded  t h a t  t h e  luminescence  l i n e s  a t  
5 1 3 . 6nm and 5 0 5 . 2nm o f  t h e  c e n t r e  B a r e  a s s o c i a t e d  w i th  c i r c u l a r
Lj
o s c i l l a t o r s  and . K ap ly an sk i i  and Moskvin (1963b)
a s s o c i a t e d  t h e  5 0 5 .2nm l i n e  w i th  a c e n t r e  hav ing  symmetry 
based  on t h e  s p l i t t i n g  obse rved  i n  th e  p i e z o s p e c t r o s c o p i c  
exper im en ts  which showed t h e  s u p e r p o s i t i o n  o f  d ip o l e  r a d i a t i o n  o f  
two t y p e s ,  e l e c t r i c  and m agne t ic ;  b u t  t h i s  r e s u l t  could  a l s o  be 
e x p la in e d  i f  t h e  e x c i t e d  s t a t e  was d e g e n e ra te  and th e  c e n t r e  had 
t e t r a g o n a l  symmetry. The 5 0 5 . 2nm a b s o r p t i o n  l i n e  shows a MCD 
s i g n a l  when a magnetic f i e l d  i s  a p p l i e d ,  s u p p o r t i n g  t h e  second 
e x p l a n a t i o n .  Runciman and Wong (1979) ,  u s in g  p o l a r i z e d  luminescence 
r e s u l t s  f o r  t h i s  c e n t r e  have  concluded  th e  5 0 5 .2nm and 5 1 3 . 7nm 
luminescence  l i n e s  t o  be due to  e l e c t r i c  and magne tic  d i p o l e  
t r a n s i t i o n s  r e s p e c t i v e l y ,  w i th  t h e  d i p o l e s  o r i e n t e d  a long  < 1 0 0 > .  
More exper im en ts  a re  needed t o  c l a r i f y  t h i s  i s s u e .  I t  i s  ha rd  to  
v i s u a l i s e  a UO^-H^O complex which would have a t e t r a g o n a l  symmetry.
The luminescence l i n e s  a t  499.3  and 4 9 2 .Onm o f  th e  c e n t r e  D
Li
were a l s o  a s s o c i a t e d  w i th  c i r c u l a r  o s c i l l a t o r s  a and a by 
F e o f i l o v  (1960) and Belyaev e t  a l .  (1960) .  Runciman and Wong 
(1979) a s c r i b e d  th e s e  to  magnetic  and e l e c t r i c  d i p o l e  t r a n s i t i o n s  
w i th  t h e  d i p o l e s  o r i e n t e d  along  <110 > d i r e c t i o n ,  u s in g  p o l a r ­
i z a t i o n  r e s u l t s .  The symmetry o f  t h i s  c e n t r e  i s  no t  w e l l
62.
established except the absence of inversion symmetry indicated by 
the presence of a linear pseudo-Stark effect (Kaplyanskii et al., 
1970).
The F centre is strongly dominant in LiF(U) crystals with
Li
added MgF^. Using polarized luminescence studies Runciman and 
Wong (1979) predicted this to be a rhombic centre with the dipoles 
oriented along <110 > direction. There appears to be no account 
of this centre in the extensive investigation of piezospectroscopic 
and pseudo-Stark effect by Kaplyanskii and co-workers (1962, 1963a, 
1963b, 1964, 1969, 1970). This could be due to the inadequate 
concentration of this centre in crystals of LiF with relatively 
large uranium concentration and grown in an oxidising atmosphere. 
The significant increase of this centre when MgF^ is added to the 
melt indicates that either magnesium is directly involved in the 
defect complex of the centre or magnesium produces some changes in 
the chemical environment, for example, formation of a positive ion 
vacancy, which affects the production of this centre. The 
calculations described in Chapter 2 indicate that it is not 
energetically favourable to form UO^P^ or UO^P^Pj^ complexes.
It also shows that the two configurations involving a UO^ group 
and Mg^+ (see Figure 2.1) are both possible to form since the 
energy difference between the two is very small. Considered 
together with the previously known rhombic symmetry of this 
centre, it is likely that this centre is due to a UO^ group with 
a Mg^+ ion along the <110> direction.
In any of the crystals grown for this study a substantial 
absorption intensity due to the centre E or the centre GT was not 
observed. Hence it is not possible to make a statement regarding 
the chemical nature of these centres. Piezospectroscopic
6 3 .
experim en ts  o f  K ap lyansk ii  and Moskvin (1962) r e v e a le d  th e s e  to  be 
a n i s o t r o p i c  c e n t r e s  o r i e n t e d  a long  th e  f o u r f o ld  symmetry a x i s .
T h is  r e s u l t  was s u b s t a n t i a t e d  by Runciman and Wong (1979).
Most o f  th e  LiF(U) c r y s t a l s  show th e  p re se n c e  o f  weak 
a b s o rp t io n  l i n e s  on th e  long w aveleng th  s id e  o f  th e  5 1 8 .5nm l i n e .  
These e v id e n t ly  must be due to  o th e r  c e n t r e s ,  b u t  th e s e  l i n e s  d id  
no t have s u b s t a n t i a l  i n t e n s i t y  in  any o f  th e  c r y s t a l s  grown f o r  
t h i s  s tu d y ,  th u s  p re v e n t in g  a d e t a i l e d  s tu d y  o f  th e s e  c e n t r e s .
One o f  th e s e  c e n t r e s  ( c e n t r e  H ) hav ing  a b s o rp t io n  a t  5 1 9 .5nm and
L
em ission  a t  5 2 4 .5nm showed an i n t e r e s t i n g  f e a t u r e .  T h is  c e n t r e  
g ives  a MCE s ig n a l  a t  5 2 4 .5nm i n d i c a t i n g  th e  f l u o r e s c e n t  l e v e l  to  
be d e g e n e ra te .  This  e f f e c t  had been  e a r l i e r  observed  by 
Shah (1976).  Belyaev e t  a l .  (1960) have i d e n t i f i e d  th e  
lum inescence l i n e s  a t  519.5 and 5 2 4 .5nm as due to  l i n e a r  m agnetic  
and e l e c t r i c  d ip o le s  r e s p e c t i v e l y .  The p o l a r i z a t i o n  measurements 
o f  th e  lum inescence a t  524.5nm i n d i c a t e  t h i s  c e n t r e  to  have 
t e t r a g o n a l  symmetry.
3 . 5  ABSORPTION SPECTRA OF NaF(U)
A p o r t i o n  o f  th e  low te m p e ra tu re  a b s o rp t io n  
spectrum  o f  a NaF(U) c r y s t a l  grown i n  an o x id i s i n g  a tm osphere i s  
shown in  F ig u re  3 .6 .  There a r e  numerous l i n e s  and bands due to  
th e  o v e r la p p in g  s p e c t r a  o f  d i f f e r e n t  c e n t r e s .  T ab le  3 .4  and T ab le
3.5 g ive  l i s t s  o f  a b s o rp t io n  and f lu o re s c e n c e  f e a t u r e s  o f  a 
NaF(U) c r y s t a l  a t  77 K and 4 .2  K in  th e  y e l lo w -g re e n  r e g io n ,  
o b ta in e d  from p h o to g rap h ic  p l a t e s  ta k e n  w ith  a H i lg e r  s p e c t ro g ra p h .
TABLE 3 ,4  Absorption spectra of  NaF:U
10 K
A(nm) v ( c m  ■*■) I O r i g i n
3 7 0 . 2 27005 S
a n
3 7 4 . 7 26680 M
3 8 0 . 3 26288 W
3 8 4 . 2 26021 M
4 0 0 . 0 24993 M
\
4 1 2 . 2 24253 W
4 1 5 . 4 24066 S
b n
4 1 9 . 2 23848 w
4 2 0 . 0 23803 b r o a d
b n
4 2 3 . 9 23584 M
*N
4 2 7 . 5 23385 M
b n
4 3 0 . 3 23233 W
4 3 3 . 1 23083 VS
b n
4 3 4 . 0 23035
weak
b r o a d  b a n d
4 3 5 . 8 22940 S
a n
4 3 6 . 1 22924 M
b n
4 3 8 . 1 22819 M
b n
4 4 4 . 7 22481 W
a n
4 4 9 . 2 22256 M
b n
4 4 9 . 9 22221 W
a n
4 5 7 . 5 21852 M
4 6 6 . 9 21412 weak
4 7 5 . 6 21020 weak
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Table 3.4 (cont.)
5 0 1 . 1 19950 vw CN
5 0 4 . 9 19800 vw CN
77 K 4 . 2  K
X(nm) v(cm-1 ) I A(nm) v(cm-1 ) I Origin
515.42 19396.6 VW 515.12 19407.5 W an
515.98 19375.2 VW 515.90 19378.2 VW dn
517.72 19310.1 vw 517.66 19312.3 M CN
518.78 19270.6 vw 518.67 19274.7 W *N
519.42 19246.9 W
521.74 19161.3 vw 521.59 19166.9 M CN
521.98 19152.5 W
523.38 19101.2 W CN
529.83 18868.7 vw 529.78 18870.5 W
530.30 18852.0 vw
531.08 18824.3 vw 531.02 18826.4 VW
531.75 18800.6 vw 531.61 18805.6 vw
533.37 18743.5 s 533.18 18750.2 v s an
534.15 18716.1 w 533.99 18722.1 M dn
534.74 18695.5 vw 534.70 18696.9 VW
535.63 18664.4 v s 535.53 18667.9 VS CN
556.97 18617.8 s 536.84 18622.3 s
537.83 18588.1 M 537.72 18591.9 s A mLN
Table 3.4 (cont.)
538 .09 18579.1 W 538 .01 18581 .8 W
540 .58 18493.5 v w
541 .4 4 18464.1 W 541 .37 18466.5 v w
541 .80 18451.9 w 541 .65 18457.0 vw
542 .86 18418.0 w 542 .80 18419.0 M
543.00 18411.0 b r o a d 543 .00 18411.0 b r o a d
544 .20 18370.5 W 5 44 .17 18371 .5 M
544 .87 18347 .9 W
547 .06 18274.4 VW
54 7 .8 8 18247 .4 w
551 .36 18136.9 v w
552 .84 18086.7 VS 552 .76 18089 .3 v s
553 .72 18054.6 w 55 3 .5 8 18059.2 w
554.20 180 39.0 w 554 .06 18043 .6 w
6 7 .
TABLE 3 , 5  Fluorescence spectra  o f  NaF:U
77 K 4 . 2  K
A(nm) v ( c m - 1 ) I A(nm) v ( c m - 1 ) I O r i g i n
5 4 0 . 7 0 1 8 4 8 9 .4 W 5 4 0 .6 1 1 8 4 9 2 .5 S S
5 4 7 . 1 9 1 8 2 7 0 .1 M 5 4 7 . 1 3 1 8 2 7 2 .1
M °N
5 4 7 . 3 3 1 8 2 6 5 .4 VW 5 4 7 . 2 7 1 8 2 6 7 . 4 w
5 4 7 . 8 6 1 8 2 4 7 .8 vw 5 4 7 . 8 0 1 8 2 4 9 . 8 w
5 5 1 . 4 0 1 8 1 3 0 .6 M 5 5 1 . 3 7 1 8 1 3 1 .6
M b n
5 5 1 . 5 4 1 8 1 2 6 .0 w
5 5 2 . 1 0 1 8 1 0 7 .6 VW 5 5 2 . 0 4 1 8 1 0 9 .6 w
5 5 2 . 2 3 1 8 1 0 3 . 4 w
5 5 2 . 7 2 1 8 0 8 7 . 3 W
5 5 3 . 3 6 1 8 0 6 6 . 4 VW 5 5 3 . 2 9 1 8 0 6 8 .7 w
5 5 7 . 0 0 1 7 9 4 8 . 3 w c
5 6 2 .1 1 1 7 7 8 5 .2 M
5 6 3 . 5 7 1 7 7 3 9 .1 vs 5 6 3 . 4 1 1 7 7 4 4 .1
v s  a n
5 6 4 . 4 3 1 7 7 1 2 .1 w
5 6 4 . 8 5 1 7 7 9 8 .9 vw
5 6 9 . 8 2 1 7 5 4 4 .5 w 5 6 9 . 7 9 1 7 5 4 5 .4 M
5 7 0 . 2 1 1 7 5 3 2 .5 vw
5 7 2 . 5 5 1 7 4 6 0 .9 s t a r t  o f  a  b r o a d
weak ban d
k y
5 7 4 . 6 4 1 7 3 9 7 . 4 w 5 7 4 . 5 7 1 7 4 9 9 .5
M bn
5 7 5 . 2 0 1 7 3 8 0 . 4 s 5 7 5 . 3 2 1 7 3 7 6 . 8 s t a r t  o f  a b r o a d
weak band
V. y
5 8 1 . 7 2 1 7 1 8 5 .6 w 5 8 1 . 6 7 1 7 1 8 7 .1
M a n
5 8 3 . 5 1 1 7 1 3 2 .9 w 5 8 3 . 4 9 1 7 1 3 3 .5 M Axt
N
In Table 3.4, the features in the blue-green region have been 
included. These wavelengths were measured at 10K using the Cary 
17 spectrometer and have an accuracy of ± O.lnm.
As mentioned in section 3.3 for the LiF(U), some individual 
line groups belonging to different centres in NaF(U) were found 
by using selective excitation techniques. The line series with 
the main absorption lines at 552.8, 535.7 and 551.3nm were studied 
in the present work while the results of Bleijenberg and Breddels 
(1980) have been used to assign the line series with the main line 
at 534.lnm, taking into account that their wavelength values are 
about 0.2nm higher than the corresponding values reported in the 
present work. These line series are indicated in Table 3.4 and 
Table 3.5 by the assignment of different letters to different line 
series. A^, B^ and series correspond to centres responsible 
for Runciman’s C, B and A series in fluorescence (Runciman, 1956). 
The observation of centre C^ , was first reported by Bleijenberg and 
Timmermans (1978).
Crystals differing in chemical composition and crystal growth 
atmosphere were grown and their absorption spectra were studied to 
find the effect on the relative line intensities of the different 
line series.
Univar NaF powder of minimum purity 99% and zone refined NaF 
pieces were used as starting materials in the melt. Unilab NaF of 
minimum purity 97% was once tried, but the crystal produced did not 
show absorption due to any of these centres.
3.5,1 EFFECTS OF UR A N I U M  CON CENT R A T I O N
68.
Crystals differing in uranium concentration from 0.0001 at.% -
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Wavelength  (nm)
FIGURE 3 ,6  Absorption spectrum o f  NaF(0.005 at.% U)
53 0 5
W ave len g th  (nm)
Absorption spectrum o f  NaF(0.03 at.% U)FIGURE 3 .7
0.03 at.% were grown in air from melts containing Univar NaF and 
uranyl nitrate. In crystals containing less than 0.003 at.% U 
centre was dominant. Centre increased in relative
intensity with increased uranium concentration. NaF crystals with 
0.03 at.% U showed strong absorption due to centres A^ and and 
little due to centre (Figure 3.7).
Zone refined NaF crystal, C31, containing 0.005 at.% U 
as U_0o in the melt and grown in oxygen had absorption mainly due
O  O
to centre A^ . The maximum amount of uranium which could be 
incorporated into a single crystal in the present work was 0.2 at.% 
as U„0 in the melt of zone refined NaF (Clll).
O  O
C91, crystal grown from Unilab NaF powder with 0.01 at.% U in 
oxygen, did not show any sharp absorption lines in the visible 
region.
3.5.2 EFFECTS OF CRYSTAL GROWING ATMOSPHERE
Two zone refined NaF crystals containing 0.01 at.% U were
grown, C108 in 10 torr , and C103 in 50 torr 0^. Figure 3.8
shows a part of the absorption spectra of these crystals. The
absorption of the first crystal was dominated by centre B^ with
less absorption due to centre A^. A new line at 536.5nm was also
observed. Since this line does not belong to the four main centres
it must be due to another centre, F . The second crystal showed
increased absorption of centres A^ and and new absorption lines
at 545.8nm and 534.6nm ascribed to new centres Ex, and Gxt. ThereN N
was no observable change in the intensity of the absorption lines 
due to centre in the two crystals.
A crystal of zone refined NaF with 0.03 at.% U was grown in
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FIGURE 3,9 Absorption spectra of NaF(0.03 at.% U) grown 
in 50 torr 0^
(a) before heat treatment
(b) after heat treatment
72.
50 torr oxygen (C109) and had similar absorption spectrum to the 
zone refined NaF (0.01 at.% U) crystal grown in 10 torr oxygen but 
with more intense absorption lines, except for the small presence 
of centre . A crystal was grown from the left over material in an 
oxygen atmosphere and showed similar absorption.
A specimen of C109 was heated on a platinum foil at 900°C for
one hour in a furnace and then cooled gradually to room temperature
(~25°C). The absorption spectrum was recorded before and after
the heat treatment (Figure 3.9). The intensity of the absorption
lines due to centres A^, CXI, EXT and GX1 increased after the heatN N N N
treatment, centre remained unchanged and centre F^ present 
before the heat treatment was not observable after it.
A crucible was filled with Univar NaF powder and 0.01 at.% U 
and allowed to heat in a furnace at 1100°C. After 15 minutes the 
crucible was stirred and left in the furnace for another 15 minutes. 
It was then taken out and rapidly cooled to room temperature 
(~25°C). The absorption spectrum of a specimen obtained this way 
was recorded. The rest of the material was given the earlier heat 
treatment again but this time was allowed to cool slowly by 
switching off the current supply to the furnace and leaving the 
crucible in the furnace. The spectrum of the first specimen 
showed absorption due to centres A^ and D^. In the second specimen 
the relative intensity of the centre has decreased, centre A^ 
remained unchanged and centre showed a distinct increase in 
intensity compared to the previous specimen.
7 3 .
530 550
W a v e l e n g t h  (n m )
FIGURE 3 ,8  Absorption spectra o f
(a) NaF(0.01 at.% U) grown in 10 t o r r  0^ 
' (b) NaF(0.01 at.% U) grown in 50 t o r r  02
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3.5,3 EFFECTS OF ADD ED IMPURITIES IN THE MELT
a) Na^O^
Three crystals of zone refined NaF, C73, C75 and C74, were 
grown in an oxygen atmosphere and contained 0.001 at.% U, 0.001 
at.% U and 0.1 mol.% Na^O^, 0.001 at.% U and 0.3 mol.% Na^C^ 
respectively. The first crystal had weak absorption mainly due 
to centre A^ and very little due to centres and D^ . The second 
and third crystals had strong absorption dominated by centre 
with weak absorption due to centre C^.
b) NaOH
Three crystals C31, C32, C72 of zone refined NaF were grown
in oxygen atmosphere with 0.005 at.% U, 0.005 at.% U and 0.1 mol.%
NaOH, 0.01 at.% U and 0.5 mol.% NaOH. The first crystal had
absorption mainly due to centre A^ with very small presence of
centres B„, CXI and DXI. The second crystal did not show any marked N N N
variation in absorption compared to C31. The third crystal C72,
showed stronger absorption and an increase in the relative intensity
of centre CVT.N
c) Na^CO^
A crystal of zone refined NaF containing 0.01 at.% U and 0.5 
mol.% Na^CO^ was grown in oxygen atmosphere (C71). It had an 
absorption spectra similar to that of C72 with a slightly increased 
relative intensity of the line series of centre C^ .
d) CaF^
A crystal of zone refined NaF containing 0.01 at.% U and 0.1 
mol.% CaF^, C99, was grown in oxygen. The absorption spectrum was 
dominated by centre A^ and had less absorption than crystal C31. 
Absorption lines due to all other centres were observable, but were 
very weak in intensity.
TA
BL
E 
3,
6 
Su
mm
ar
y 
of
 t
he
 N
aF
(U
) 
ce
nt
re
s
75
CO
<L>
■r—
S-
<u
CO
<D
c
<0
43
4->
c
o
to
4-J
£3
O)
E
E
O
o
E
Z tu o Z
E E
I 00 Z E Ed GO 43
to E O 0 GO
o •H 03 •H p to •H
E to 0 P o r—t 43
r—\ p aS E cd •H to E
Z o3 a> •H E E 0 p 43'_/ E <P P P E to p
CU bO a 0 E to 0
&
•H /—\
03 E E E 0 0 43 s o\°
Z •H •H O E P h O •
to 0 E to to P
rH •H 43 E O E o CU 0 E
rH P O o •H e E E
03 •H •H tM p Z 0 to
X 5 z E E 43 o
e o E S E Ph •
•H to •H 43 O /—\ •H to o
E 0 GO E E o XP •H to P •H GO E P s
E aj E 43 O E p v_/
<1> E 0 0 * P 0 E
to £ E E to rE /—\ to E
0 O O o 0 P o\° O 0 GO O
E E E •H E •H • LO E E •H
Ph GO i—i P Ph p ? Ph •H Pcd E to E
X to E X to v_t X •H E
r H r“ t • P r H T—1 t o rH E3 P
GO CtJ to E GO E O E GO •H E
E P 0 0 E P • 0 E X 0
O to E O O to o GO O o o
E X 0 E E X l X E EP E rC O P E X P E OCO O Ph o CO 0 V__/ o CO •H o
b
4->
<0
E
E
X
00
I— t
E
E
o
GO
E
E+->a)
P
C 43o +->•r— O')
4-> C —  
CL O) E  
E i— C 
O CD '—■' 
to  >
_Q ft>< 3
oo
CM
LOLO
r -4
LOLO
LO
LO
to
LO
-C 
E  +->O  CJ>
•I— E  •»— >
co <u E
CO I—  E
•i- a> —- 
E >
U J ITS3:
tD
t o
toLO
E-
r—t
LOLO
o'O'LO
a»E
4->E
CUC_)
Z
CQ
Zu
co
n
t.
W
ea
kl
y 
p
re
se
n
t 
in
 
al
l 
N
aF
(U
) 
cr
y
st
al
s.
 
53
4.
0 
rh
om
bi
c 
In
cr
ea
se
s 
w
he
n 
th
e 
cr
y
st
al
 
is
 
he
at
tr
ea
te
d
 
in
 
ai
r
76
co co
f--\ r—1 0
P P P
X P P 0
P O CO X
CO •H P P 0 X PhH 3: •H HP P COoj o p o o
+-> co P m P e
CO r-H p •H /—\ p
X 03 O i 0 P co p
p P P X v_/o CO bO p 3: P tu p
X P •H P 0
r—\ P od o CO z oo
co o p p p '0 Xv_J o3 o3 0 p X
PL PL o 0 P •H o
o3 o3 P rH PH P
Z CM Z O v__/ Ph 0 P P3
o •H 03 P P 0
P p P p CO P 0 P
•H P •H oj p •H CO 0
P P bO Q P 0 •H
+-> o P P X P p P
p +-> p P X 0 Ph P
CD CD 0 o • X CO
co o CO o CO X 0
CD LO CD p "CS 0 CO r-H p
p P o 0 p •H Pi
Ph p Ph o p 0 P p
•H o X i—1 0 •H
X X CO •H Ph PrH P r-H p CO P p
Pi 2 Pi X p o CO X 3
o3 o o3 bO CO S X P O
CD p 0 •H 0 P P 0 P
3= bO 3: LP p o3 0 > bO
oo
LOP"in
m
onm
vO
p -tom
Q w zPL. 2
77.
e) N a 0SiFcl 6
Two crystals of zone refined NaF were grown in oxygen, C78
with 0.01 at.% U and 0.1 mol.% Na_SiF, and C77 with 0.01 at.% Uz 6
and 0.5 mol.% Na^SiF^. Both crystals showed no absorption due to 
any of these centres.
Two other crystals of zone refined NaF, C83, C79 were grown
in oxygen containing 0.01 at.% U and 0.01 mol.% Na_SiF , 0.01 at.%z o
U and 0.03 mol. % Na^SiF^ respectively. Both these crystals hadz 6
similar absorption spectra dominated by centres and B . The 
overall absorption of these was less than crystal C31.
f) Na2 C03 , NaOH
A crystal C105 was grown in oxygen from a melt containing 
Univar NaF, 0.01 at.% U, 0.3 mol. % Na^CO^ and 0.3 mol. % NaOH. The 
relative intensity of the line series due to centre was higher 
in this crystal compared to C31 but was less than for C71 and C72 
crystals.
3.6 DISCUSSION OF THE NaF(U) CENTRES
The different chemical and crystal growth conditions which 
produce an increase in the relative intensities of the line series 
of the different centres is summarized in Table 3.6.
Centre A^ is dominant in NaF(U) crystals grown in an oxidising 
atmosphere. The intensity of this centre increases with increasing 
uranium concentration. Even in crystals grown in restricted 
amounts of oxygen this centre gives stronger absorption in the 
yellow region compared to other centres. This absorption increases
78.
when more oxygen is available to the melt. A detailed study of 
the spectroscopic properties is presented in Chapter 4.
In crystals grown in restricted oxygen with high uranium
concentration the line series due to centre Byi was observed.N
Although absorption in the yellow region due to this centre is 
weak, it gives very strong absorption in the blue region. Figure 
3.10 shows the excitation spectrum obtained for this centre. This 
centre was also present in crystals with added Na^SiF^. Runciman 
(1956) found this centre in powder samples of NaF (impure material). 
Bleijenberg and Timmermans (1978) observed the emission line series 
of this centre in crystals grown in a nitrogen atmosphere using a 
graphite crucible. This together with ionic conductivity results 
(Bleijenberg and Timmermans, 1978) led them to propose a UO^F^ 
centre associated with a sodium ion vacancy for this centre; but 
the calculation presented in Chapter 2 does not support this model. 
Lupei et al. (1982) found that in samples whose luminscence spectra 
are dominated by the centre B^, a tetragonal centre is produced 
upon x-irradiation; but additional experimental facts would be 
needed to assign a definite structural model to this centre.
The line series due to centre is strongly present in 
crystals with high uranium concentration. The increase in 
relative intensity of these lines in crystals C71, C72 compared to 
C31 is more likely to be due to the increase in uranium 
concentration than to the presence of added impurities of Na^CO^ 
and NaOH. Bleijenberg and Timmermans (1978) also found this centre 
to be strongly present in air grown crystals with increased uranium 
content and assigned this to pairs of UO^.Vp associates. Bleijenberg 
and Breddels (1980) separated the spectral features of this centre 
using selective excitation techniques.
79 .
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Line s e r i e s  due to  c e n t r e  was weak in  th e s e  sam ples .  
B le i je n b e rg  and Timmermans (1978) observed  t h i s  c e n t r e  in  c r y s t a l s  
grown in  a n i t r o g e n  atmosphere u s in g  a p la t in u m  c r u c i b l e  and 
a s c r ib e d  i t  to  a U0,_F complex h av in g  t e t r a g o n a l  symmetry. 
K ap lyansk ii  and Moskvin (1963a, 1963b) based  on p e iz o s p e c t ro s c o p ic  
s p l i t t i n g  o f  th e  5 4 7 .2nm l i n e  o f  t h i s  c e n t r e ,  a s c r ib e d  t h i s  to  be 
a rhombic c e n t r e .  B le i je n b e rg  and B reddels  (1980) o b ta in e d  th e  
s p e c t r a l  f e a tu r e s  o f  t h i s  c e n t r e  u s in g  s e l e c t i v e  e x c i t a t i o n  
te c h n iq u e s .  In th e  e x c i t a t i o n  spec trum  a t  4.2K th e y  observed  bo th  
th e  547.2 and 5 3 4 . lnm l i n e s  w ith  com parable i n t e n s i t i e s  f o r  both  
t r a n s i t i o n s  and a s s ig n e d  th e  e x c i t e d  s t a t e s  a s s o c ia t e d  w ith  bo th  
t r a n s i t i o n s  to  be E s t a t e s  under symmetry; b u t  ta k in g  i n t o  
account K a p ly a n s k i i ' s r e s u l t s ,  t h e s e  l i n e s  cannot be a s s ig n e d  to  a 
t e t r a g o n a l  c e n t r e .
C en tres  E^, and were o b s e rv a b le  m ostly  i n  c r y s t a l s  o f  
NaF(U) grown in  r e s t r i c t e d  oxygen. They a re  l i k e l y  to  be 
a s s o c ia t e d  w ith  u r a n a te  c e n t r e s  w ith  l e s s  oxygen c o n te n t  th an  th e  
o th e r  c e n t r e s .
3 , 7  C O MP A R I S O N  OF THE N a F ( U )  AND L i F ( U )  S P E C T R A
Although th e  dominant c e n t r e s  i n  LiF(U) and NaF(U) bo th  
e x h i b i t  s i m i l a r  c h a r a c t e r i s t i c s ,  v a r io u s  a s p e c ts  o f  th e  
lum inescence and a b s o rp t io n  a re  d i s s i m i l a r  in  th e  two c a s e s .
The graded f lu o re s c e n c e  e f f e c t  w i th in  a s i n g l e  c r y s t a l  was 
shown on ly  by some LiF(U) c r y s t a l s .  The to p  p a r t  o f  th e  c r y s t a l  
grown in  th e  i n i t i a l  p e r io d  was g re e n is h  in  c o lo r  w ith  s t r o n g
8 1 .
a b s o rp t io n  due to  v a r io u s  c e n t r e s  i n  th e  green re g io n .  The 
bottom  p a r t  o f  th e  c r y s t a l  which showed b lu e  f lu o re s c e n c e  had 
weak a b s o rp t io n .  This  e f f e c t  had been observed  e a r l i e r  by Belyaev 
(1961) who a t t r i b u t e d  i t  to  t h e  im poverishment o f  th e  uranium  
a c t i v a t o r  in  th e  melt as th e  c r y s t a l  i s  grown.
There was a very  marked in c r e a s e  in  th e  F c e n t r e  i n  LiF(U)
Li
when MgF^ i s  added to  t h e  m e lt .  There was no such e f f e c t  i n  NaF(U) 
when e i t h e r  MgF^ o r  CaF^ was added to  th e  m e lt .
I t  was p o s s i b l e  to  in c o rp o r a te  more uranium in  to  a NaF 
c r y s t a l  (0 .2  at.%) th an  a LiF c r y s t a l  (0 .03  a t .% ) .  There was a 
s u b s t a n t i a l  change in  r e l a t i v e  i n t e n s i t i e s  o f  th e  s e r i e s  when th e  
uranium c o n c e n t r a t io n  i s  h ig h e r  th a n  0 .01  at.% in  NaF. A 
co rre sp o n d in g  change i n  th e  LiF(U) s p e c t r a  w ith  h ig h e r  a c t i v a t o r  
i n t e n s i t y  was n o t  o b se rv ed ,  b u t  t h i s  cou ld  be due to  th e  f a c t  t h a t  
i t  was no t p o s s i b l e  to  in c o r p o r a te  more than  0 .03  at.% uranium in  
LiF c r y s t a l s .
The B^ c e n t r e  i n  NaF(U) was observed  to  have a d i f f e r e n t  
a b s o rp t io n  spec trum  to  t h a t  o f  o th e r  c e n t r e s  w ith  weak a b s o rp t io n  
in  th e  yellow  re g io n  and very  s t r o n g  a b s o rp t io n  around 430nm. In 
th e  e x c i t a t i o n  spec trum  o f  th e  c e n t r e  in  NaF(U) a t  4.2K, bo th  
e l e c t r o n i c  o r ig i n s  have been o b se rv ed .  C orresponding  e f f e c t s  
have n o t  been observed  f o r  any o f  th e  LiF(U) c e n t r e s  s tu d ie d  in  
th e  p r e s e n t  work.
Most o f  th e  LiF(U) c e n t r e s  and th e  A^ and c e n t r e s  in  
NaF(U) have an a s s o c ia t e d  f l u o r e s c i n g  l e v e l ,  which appears  a t  th e  
lo n g e r  w avelength  s id e  o f  th e  main a b s o rp t io n  l i n e  o f  th e  c e n t r e ,  
as a very  weak a b s o rp t io n  l i n e  a t  4.2K and i s  s t r o n g e r  a t  77K 
(Runciman and Wong, 1979: B le i je n b e r g  and B re d d e ls ,  1980). This  
l i n e  appears  s t r o n g e r  i n  f lu o re s c e n c e  a t  4.2K th a n  a t  77K, whereas
the strong absorption line appearing at 4.2K appears in 
fluorescence only at 77K (see Tables 3.1, 3.2, 3.4 and 3.5).
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4,1 INTRODUCTION
This chapter deals with the spectroscopic properties of the 
563.6nm emission centre in NaF(U,0) and the 527.8nm emission centre 
in LiF(U,0) which dominate the luminescence of these crystals when 
they are grown from relatively pure starting materials (Chapter 2). 
Uniaxial stress and electric field perturbation measurements of 
Kaplyanskii et al. (1961, 1962) have established only the 
symmetry of these centres. As mentioned in Chapter 1, two different 
models comprising a UO,_F group or a UO^ group with an additional 
negative ion vacancy as a charge compensator (see Figure 1.1) have 
been proposed by different workers for these centres. Luminescence 
and EPR measurements of Lupei et al. (1974, 1976a, 1976b, 1982) 
suggest these centres to be UO,_F complexes.
Polarised selective excitation, magnetic circular dichroism, 
infrared absorption and uniaxial stress measurements have been 
made to provide a characterisation of the excited and ground states 
of these principal centres in NaF(U,0) and LiF(U,0) and are 
presented below.
4,2 P O LARISED SELECTIVE EXCITATION AND MAG NETI C 
CIRCULAR DIC HROI SM
4.2.1 E X PERIMENTAL DETAILS
Specimens used, were cleaved from single crystals of sodium 
and lithium fluorides which had been doped with hexavalent uranium 
and grown in an oxidising atmosphere by the Czochralski method.
The starting material was zone refined fluoride to which 0.01 at.%
84.
of uranium as U„0 , had been added (for all the measurementso o
described in section 4.2).
For the selective excitation measurements the sample was held 
within a quartz tube and cooled by a flow of cold helium gas.
This kept the sample temperature around 10 K. For excitation of 
the luminescence in the range 600nm-440nm, measurements were made 
using a nitrogen pumped tunable dye laser (Molectron model DLII) 
with a spectral resolution of < 1 cm  ^ .
The laser beam was polarized with the electric vector in the 
horizontal direction. To compare the results obtained when the 
incident beam was horizontally polarized with the results when the 
incident beam was vertically polarized, equal intensities in the 
incident beam for both cases were required. Hence, a half-wave 
plate, placed in the path of the laser beam was used to make the 
laser beam circularly polarized with equal intensity in both 
horizontal and vertical directions and a polarizer placed next to 
the half-wave plate was used to make the incident beam polarized 
in the required direction.
At wavelengths shorter than 440nm, the excitation was 
performed using a pulsed xenon lamp and a monochromator with a 
resolution of 10 cm ^. The emission emerging at 90° to the 
exciting beam was analysed using a Spex 34ni monochromator with a 
resolution of about 2 cm \
Since the principal centres in NaF(U,0) and LiF(U,0) have
symmetry with their principal axes, orthogonal to one another, 
oriented along the <001 > crystallographic directions of the cubic 
crystals, it was convenient to utilise crystals with {001} faces 
and to polarize the exciting and emitted light along the cubic 
axes. The direction of the exciting light is denoted as X and
85.
the emission direction as Y . An analyser placed in front of 
the monochromator was used to detect the emission polarized in a 
particular direction. The polarization, denoting the direction 
of the electric component of the electromagnetic vector of the 
exciting beam, can be Y or Z and of the emitted beam can be 
X or Z . The polarized spectrum is labelled by the polarization 
of the exciting and emitted light, taken in that order.
A S-20 photmultiplier was used to detect the emitted light.
The lifetime of these principal centres is 2.7m sec and hence the 
signal was sampled using boxcar techniques set at a delay of 
50p sec and a width of 100y sec.
For the MCD measurements, the samples were held in exchange
gas within the bore of a superconducting magnet (Oxford Instruments)
capable of a magnetic field of 5T . White light was dispersed by
the monochromator and passed through a linear polarizer and a
photoelastic modulator before the sample. On passing through the
sample the light was again detected by an S-20 photomultiplier and
the signal in-phase with the modulator frequency was amplified
using a lock-in amplifier. This was divided by the DC signal level
and displayed on a chart recorder. The absorbance was measured
using a linear-log convertor. The system was calibrated using the 
-1 4 +13905 cm absorption line of a Fe rCs^ZrCl^ sample at 4.2 K which 
is known to be totally circularly polarized.
4.2,2 EMISSION RESULTS AND ANALYSIS
Figures 4.1, 4.2 present the emission of NaF(U,0) and LiF(U,0) 
respectively. It has been already established that the zero-phonon 
line at 563.6nm in NaF(U,0) and likewise the zero-phonon line at
86
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527.8nm in LiF(U,0) are due to a magnetic dipole
transitions associated with centres of symmetry (Kaplyanskii
et al., 1962). In both cases there is an associated intense 
A^ -> A^ electric dipole absorption line, at about 345 cm * higher 
in energy from these emission lines, which is pumped to give the 
emission traces shown in Figures 4.1 and 4.2.
The axes of the three different orientations of the uranium 
centres are orthogonal to one another and polarization along the 
crystallographic [001] direction will only excite centres whose 
axes are parallel to the particular [001] direction. In Figures 
4.1 and 4.2 centres along the Z and Y directions are excited 
and give the emission spectrum shown in the two upper and the two 
lower traces respectively.
It is known that the ground state of each of these principal 
centres has a closed shell configuration and hence belongs to the 
A^ irreducible representation. The features in the sideband of 
the zero-phonon lines in Figures 4.1 and 4.2 are therefore associated 
with vibration and the irreducible representation of the final 
states are those associated with the individual vibrations. Table 4.1 
gives the group theoretical selection rules of transitions from an 
A^ state. There is no intensity in the [Z,Z] polarization in 
Figures 4.1 and 4.2 other than that associated with depolarization 
or emission scattered from other polarizations. Hence there is no 
coupling to an A^ vibration nor is any of the magnetic dipole 
intensity re-distributed to give a sideband associated with E 
vibrations. This latter observation is not surprising as there is 
no plausible coupling mechanism. Also there are no A^ modes 
associated with a U0,_F group. It is concluded that the emission 
sideband is associated with symmetric A^ vibrations coupling to
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the magnetic dipole A^ transition and electric dipole
transition induced by E modes of vibration. [X,Y] polarization 
gives the distribution of E modes whereas the [Z,X] polarization 
gives the distribution of E modes plus A^ modes. [Y,Z] 
polarization is effectively the same as [Y,X] polarization. The 
distributions of E and A modes can be obtained from the 
experimental traces although there are some depolarization effects 
which cause a contribution from one polarization to appear in the 
opposite polarization. However, allowances can be made for this 
effect and the separate vibrational contributions obtained. These 
separate distributions are shown in Figures 4.9 for NaF(U,0) and 
4.10 for LiF(U,0).
4,2,3 EXCITATION RESULTS
The overall excitation of these principal centres, obtained 
using the pulsed xenon lamp source and monitoring the emission at 
563.6nm for NaF(U,0j and at 527.8nm for LiF(U,0) is shown in 
Figures 4.3 and 4.4 respectively. There are no spectral features 
due to the principal centre in the excitation spectrum at 10 K in 
the region between 563.6-552.8nm for NaF(U,0) and 527.8-518.5nm 
for LiF(U,0). Due to the drop in the intensity of the xenon light 
source at shorter wavelengths, these figures greatly underestimate 
the strengths of the bands at shorter wavelength. But this 
representation is very useful for establishing the location and 
symmetry representations of spectral features. The strength of 
the absorption of all the bands shown are significantly greater 
than that associated with the emitting level. It is taken there­
fore, that all of the features are electric dipole in origin. It
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can then be seen from Table 4.2 that the [Z,Z] polarization gives 
the distribution of final states (electronic and vibronic) 
associated with the E irreducible representation due to centres 
oriented in the X direction and the [Z,X] polarization gives the 
distribution of final states associated with the irreducible
representation due to centres oriented in the Z direction. The 
[Y,Z] and [Y,X] polarizations give no additional information. Two 
sections of the excitation spectra accesssible to laser studies 
are shown in greater detail in Figures 4.5, 4.6, 4.7 and 4.8.
These spectra have been corrected for the change in laser intensity. 
Figure 4.5 and 4.6 give the polarized traces for that part of the 
spectrum immediately to the high energy side of the -> A^ zero 
phonon line at 552.8nm for NaF(U,0) and 518.5nm for LiF(U,0) 
respectively. The spectrum in the [Z,X] polarization is associated 
with A^ irreducible representations and is readily seen to give 
a vibrational distribution very similar to that obtained in the 
emission traces. The intensity is concluded to be a single 
vibrational sideband of the A^ -> A^ zero-phonon transition 
associated with the symmetric A^ modes of vibration. This side­
band is shown in Figures 4.9 and 4.10 for NaF(U,0) and LiF(U,0) 
respectively where it can be readily compared with the distribution 
of A^ modes obtained in the case of emission. The spectrum in 
[Z,Z] polarization is much weaker than in the [Z,X] polarization 
and arises simply as a result of depolarization with the exception 
of one line displaced about 500 cm  ^ and 590 cm  ^ from the A^ -* A^ 
zero-phonon line for NaF(U,0) and LiF(U,0) respectively. The final 
state of this line is associated with an E irreducible 
representation. It is unlikely to be associated with an E mode 
of vibration coupling to the A^ -> A^ electronic transition as
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FIGURE 4,5  Polarized excitation spectra of the principal 
centre in NaF(U,0) in the 530-553nm region for 
an emission wavelength of 563.6nm
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FIGURE 4,7 Polarized excitation of the principal centre in 
NaF(U,0) in the 457-442nm region for an emission 
wavelength of 563.6nm
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FIGURE 4,8  Polarized excitation of the principal centre in 
LiF(Us0) in the 420-408nm region for an emission 
wavelength of 527.8nm
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FIGURE 4,9 Vibrational sidebands associated with the 
principal centre in NaF(U,0)
(a) mode sideband in excitation
(b) mode sideband in emission
(c) E mode sideband in emission
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FIGURE 4,10 Vibrational sidebands associated with the 
principal centre in LiF(U,0)
(a) mode sideband in excitation
(b) mode sideband in emission
(c) E mode sideband in emission
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FIGURE 4 , 1 1 Phonon dens i t y  of  s t a t e s  (a) Li f  (b) NaF
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t h i s  r e q u i r e s  a J a h n - T e l l e r  ty p e  d i s t o r t i o n  i n  th e  ground o r  e x c i t e d  
s t a t e  which i s  not  p o s s i b l e  f o r  e l e c t r o n i c  no n -d eg en e ra te  s t a t e s .
The a b s o r p t i o n  l i n e  i s  thus  concluded t o  be a s s o c i a t e d  w i th  an E 
e l e c t r o n i c  l e v e l  and t h i s  co n c lu s io n  i s  s u b s t a n t i a t e d  by MCD 
measurements .
A s t r u c t u r e d  e x c i t a t i o n  band s t a r t i n g  a t  415nm and runn ing  to  
h igh  energy  w i th o u t  any appa re n t  a s s o c i a t e d  zero-phonon l i n e  i s  
observed  i n  t h e  e x c i t a t i o n  spec t rum  o f  L i F ( U ,0 ) . This  i s  shown i n  
F igure  4 .8  and must a r i s e  from e l e c t r i c  d ip o l e  t r a n s i t i o n s  induced  
by v i b r a t i o n s .  The e l e c t r o n i c  s t a t e  o r  s t a t e s  in v o lv e d  could  be 
o f  o r  E symmetry, bu t  w i th  t h e  zero-phonon t r a n s i t i o n
a c c i d e n t a l l y  very  weak. I t  i s  more l i k e l y  t h a t  t h e  t r a n s i t i o n s  
a re  group t h e o r e t i c a l l y  fo rb id d e n  and f o r  t h i s  t o  happen t h e  
e x c i t e d  s t a t e  must be an A^  o r  B  ^ o r  B^  s t a t e .  U n f o r tu n a t e ly  
n e i t h e r  th e  s e p a r a t i o n  o f  v i b r a t i o n a l  f r e q u e n c i e s  no r  t h e  
c h a r a c t e r i s t i c  d i s t r i b u t i o n  a re  r e l a t e d  t o  th o se  accompanying 
o t h e r  t r a n s i t i o n s .  Hence n e i t h e r  t h e  symmetries nor th e  exac t  
l o c a t i o n  o f  t h e  e l e c t r o n i c  s t a t e s  have been e s t a b l i s h e d .
In c o n t r a s t  t o  LiF(U,0) th e  second group o f  e x c i t a t i o n  band 
i n  NaF(U,0) has  a ze ro-phonon t r a n s i t i o n  a t  4 5 7 . 5nm (F igu re  4 . 7 ) .  
This  4 5 7 . 5nm l i n e  i s  s t r o n g  i n  [Z,ZJ p o l a r i z a t i o n  and hence must 
be a s s o c i a t e d  w i th  an E e x c i t e d  e l e c t r o n i c  s t a t e .  There i s  a 
prominen t  l i n e  a t  about  660 cm  ^ from th e  zero-phonon l i n e  which 
can be a t t r i b u t e d  t o  t h e  symmetric l o c a l i s e d  mode seen  wi th  o t h e r  
t r a n s i t i o n s .  However, th e  o t h e r  v i b r o n i c  f e a t u r e s  a re  no t  s i m i l a r  
to  th e  th o s e  accompanying o t h e r  t r a n s i t i o n s .  In a d d i t i o n  t h e r e  a re  
two sha rp  l i n e s  w i t h i n  t h e  s ideband  which a re  s h a r p e r  than  t h e  
zero-phonon l i n e  - one a t  450nm s een  i n  t h e  [Z,Z] p o l a r i z a t i o n  and 
one a t  4 5 1 .5nm seen i n  t h e  [Z,X] p o l a r i z a t i o n .  As w i l l  be shown
102.
later they do not give the same MCD signal as the 457.5nm line 
and hence cannot be associated with it. Therefore these were 
assigned to additional E and electronic states.
The location of further and E electronic states can be
determined from the peak positions in the polarized spectra given 
in Figures 4.3 and 4.4. Features separated from the zero-phonon lines 
by the low frequency resonance mode frequency of about 90 cm  ^ or 
the high frequency localised mode frequency of about 660 cm  ^were 
discounted, except where the relative intensities are inconsistent
fsn lwith a regular progression in intensity of which should be
true in the case of vibrations. Additional A^ and E electronic 
excited levels were established in this way and these together with 
the ones found earlier are indicated by arrows in Figures 4.3 and
4.4.
4.2,4 MAGNETIC CIRCULAR DICHROISM
The lower lying E electronic states give recognisable MCD 
spectra of temperature independent derivative lineshapes. A 
portion of the MCD spectrum of LiF(U,0) is shown in Figure 4.12 
along with the corresponding region of the absorption spectrum.
The temperature independence of the MCD spectra shows that the 
ground state is non-degenerate which agrees with the prediction of 
an An ground state. The MCD arises from a splitting in the 
excited state and the g-values associated with these states were 
calculated using the method of moments (Douglas and Runciman, 1977: 
Osborne et al., 1971).
ViThe ntn moment of the zero-field absorption A , and MCD 
AA = A^ - A^ (where L and R denote the left and right circular
1 0 3 .
4 -
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FIGURE 4 ,1 2  A section of the spectra of the principal centre 
in LiF(U,0) (a) Absorbance (b) MCD
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FIGURE 4 ,1 3  Spectra of the 400nm line in NaF(U,0) 
(a) absorbance (b) MCD
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p o l a r i z e d  l i g h t )  i s  d e f in e d  by
< A >
n
( v -v 0) n dv ( 4 .2 . 1 )
and
< AA > 
n
(v -v 0) n dv ( 4 .2 . 2 )
Vq , th e  mean f requency o f  t h e  t r a n s i t i o n  i s  o b t a in e d  by s e t t i n g  
< A = 0  .
The f i r s t  moment o f  t h e  MCD spectrum and th e  z e ro th  moment o f  
t h e  a b s o r p t i o n  spec trum were used t o  o b t a i n  th e  g -v a lu e  o f  the  
e x c i t e d  s t a t e  from
< AA >
---------- - = 2gßH , (4 .2 .3 )
< A > 0
where H i s  t h e  a p p l i e d  magne t ic  f i e l d .
The a b s o r p t i o n  a t  400nm f o r  NaF(U,0) i s  found to  have a 
s h o u ld e r  (F iugre  4.13) and th u s  t h e  g -v a lu e  de te rmined  f o r  t h i s  
s t a t e  u s in g  moment a n a l y s i s  might  no t  be a c c u r a t e .  The a b s o r p t i o n  
l i n e s  a t  5 1 9 .4nm and 4 2 3 .9nm f o r  NaF(U) showed weak MCD s i g n a l s  
and th e s e  a re  a s s o c i a t e d  w i th  t h e  s t r o n g  A^  mode o f  v i b r a t i o n ,  
with  f requency  ~ 660 cm \  c o u p l in g  to  t h e  A^  -> E e l e c t r o n i c  
t r a n s i t i o n s  a t  5 3 7 . 7nm and 4 3 5 . 8nm r e s p e c t i v e l y .
4 , 2 . 5  ENERGY LEVEL SCHEME
The e l e c t r o n i c  energy l e v e l s  and th e  co r re sp o n d in g  g -v a lu e s  
f o r  t h e  low l y i n g  E e l e c t r o n i c  s t a t e s  a re  shown i n  F igure  4.14 
f o r  th e  5 63 .6nm emiss ion  c e n t r e  i n  NaF(U,0) and i n  F igure  4.15  f o r
Na F (U ,0)
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FIGURE 4 , 1 4 Energy level diagram for the principal centre 
in NaF(U,0)
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FIGURE 4.15 Energy level diagram for the principal centre 
in LiF(U,0)
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the  5 2 7 . 8nm emiss ion  c e n t r e  i n  L i F ( U , 0 ) . I t  can be seen  t h a t  both  
have s i m i l a r  c h a r a c t e r i s t i c s  i n  t h e  lower energy region,  b u t  the  
f e a t u r e s  i n  th e  h ig h e r  energy  r e g i o n  a re  d i f f e r e n t .
4 , 2 , 0  ASSIGNMENT OF THE VIBRATIONAL FEATURES
A r a t h e r  d e t a i l e d  v i b r a t i o n a l  spec trum o f  somewhat b r o a d e r  
s u b s i d i a r y  peaks i s  obse rved  along  w i th  t h e  zero-phonon l i n e s  o f  
the  p r i n c i p a l  c e n t r e s  i n  NaF(U,0) and LiF(U,0) (F igu re s  4 .9  and 
4 . 1 0 ) .  The exac t  n a t u r e  o f  th e  v i b r a t i o n a l  modes i s  o f  
c o n s id e r a b l e  i n t e r e s t ,  s p e c i f i c a l l y  as t o  whether  t h e  v i b r a t i o n s  
a re  l o c a l i s e d  o r  a re  l a r g e l y  normal l a t t i c e  phonons.  The o v e r a l l  
shape o f  the  low f requency  phonon spec t rum observed  i n  th e  
5 6 3 .6nm em iss ion  o f  NaF(U,0) (F igu re  4 .9)  i s  very  d i f f e r e n t  from 
t h a t  o f  t h e  d e n s i t y  o f  v i b r a t i o n a l  s t a t e s  o f  NaF c r y s t a l ,  shown 
i n  F igure  4.11b as g iven  by B i l z  and Kress (1979) u s in g  r e s u l t s  
from MacPherson and Timusk (1970) and Karo and Hardy 11969). Hence 
th e  e n t i r e  phonon spec trum o f  t h e  5 6 3 .6nm em iss ion  c e n t r e  i n  
NaF(U,0) must be due t o  l o c a l i z e d  v i b r a t i o n s  o f  t h e  d e f e c t  complex.
S i m i l a r l y  t h e  v i b r a t i o n a l  spec t rum  a s s o c i a t e d  wi th  t h e  5 2 7 . 8nm 
em iss ion  c e n t r e  i n  LiF(U,0) i s  d i f f e r e n t  from t h e  v i b r a t i o n a l  
s t a t e s  o f  LiF c r y s t a l  g iven  i n  F igure  4 .11a  as g iven  by B i l z  and 
Kress (1979) u s in g  r e s u l t s  o f  D o l l in g  e t  a l .  (1968).  Thus i t  can 
be concluded t h a t  t h e  v i b r a t i o n a l  s ideband  o f  th e  p r i n c i p a l  c e n t r e  
i n  LiF(U,0) i s  due t o  l o c a l i z e d  v i b r a t i o n s  as i n  NaF(U,0).
Group t h e o r e t i c a l  c o n s i d e r a t i o n s  r e v e a l  t h a t  t h e  v i b r o n i c  
modes o f  a t e t r a g o n a l  complex, l i k e  a IIO^F c l u s t e r ,  hav ing  
symmetry w i l l  have th e  f o l l o w in g  symmetry r e p r e s e n t a t i o n s :  3A^,
3E, 2B^ and B  ^ . I t  can be seen  from F igu re  4 .9  and 4 .10  t h a t
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there is a broad band feature of symmetric vibration at
about 90 cm * away from the zero-phonon lines for both emission 
and excitation in NaF(U,0) and LiF(U,0). This is assigned to the 
quasi-localized symmetric resonant mode whose frequency lies
in the range of low intensity allowed phonon frequencies of the 
perfect host crystal. The broad band character is probably due 
to the interaction of this low frequency symmetric A^ resonant 
mode with the lattice phonons occuring in the same frequency region.
The emission and excitation vibronic sidebands for NaF(U,0) 
and LiF(U,0), each have two sharp lines of A^ symmetry in the 
higher energy region (Figures 4.9 and 4.10). These are assigned 
to symmetric A^ local modes whose frequencies are above the 
maximum allowed phonon frequency of the pure crystal. The vibronic 
lines show a progression in the high frequency A^ local mode.
In NaF(U,0) the frequency of this mode amounts to 715 cm  ^ for 
features associated with the 563.6nm line and 665 cm  ^ for features 
associated with the 552.8nm line. For LiF(U,0j the progression 
amounts to 800 cm  ^ for the vibronics associated with the 527.8nm 
line and 780 cm * for features associated with the 518.5nm line.
The lower traces in Figures 4.9 and 4.10 depict the 
distribution of E modes of vibrations associated with the 563.6nm 
line in NaF(U,0) and the 527.8nm line in LiF(U,0) respectively.
The sharp line at high frequency, about 615 cm  ^ for NaF(U,0) and 
750 cm  ^ for LiF(U,0) from the zero-phonon lines, is assigned to 
being due to an E local mode. The E mode band at about 400 cm 
is probably due to the presence of other E localized modes in 
that region.
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4.3 INFRARED ABSORPTION
4.3.1 EXPERIMENTAL DETAILS
Infrared absorption experiments were performed using a 
Perkin Elmer 180 infrared spectrometer. Samples were mounted in 
a continuous flow cryostat (Air Products and Chemicals Inc.) with 
Infrasil windows and cooled to about 30 K using helium gas flow.
In order to eliminate water vapour lines, the spectrometer was 
thoroughly flushed with dry nitrogen. The samples were handled 
carefully to ensure that the observed spectra was not due to 
surface contamination. All the samples used in these experiments 
were cleaved from the crystals described in Chapter 3.
The set of Infrasil windows used, had only about 25% 
transmission in the region of interest and hence the signal to 
noise ratio was not very good. Each measurement was repeated at 
least twice to ensure that the observed spectrum was due to 
genuine signals and not due to the high noise level.
4.3.2 RESULTS AND DIS CUSS ION
For NaF(U,0) crystals one broad line at 1100 cm  ^ and five sharp 
lines in the region of 820 cm  ^ - 700 cm  ^were found which had not 
been reported earlier. The relative intensities of these lines 
depended on the sample used. Table 4.3 gives the relative 
absorption peak heights and positions of these lines for some 
NaF(U,0) crystals. None of these lines were present in an undoped 
NaF crystal grown in air. Hence these lines can be ascribed to 
complexes containing uranium ions. Due to the strong absorption 
band of the host NaF lattice at lower energy, it was not possible 
to make reliable measurements below 700 cm ^.
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In th e  case  o f  LiF(U,0) c r y s t a l s  t h e r e  were no peaks i n  th e  
1300 cm  ^ - 1050 cm  ^ r e g io n .  The LiF l a t t i c e  a b s o r p t i o n  which 
s t a r t s  a t  about  1100 cm  ^ and runs t o  lower energy r e g io n  
p r e v e n te d  from t a k i n g  measurements below 1050 cm ^ .
Of t h e s e  i n f r a r e d  l i n e s  only  t h e  1100 cm * l i n e  showed some 
c o r r e l a t i o n  wi th  t h e  5 5 2 . 8nm l i n e  o f  th e  p r i n c i p a l  c e n t r e .
TABLE 4 , 3  Infrared absorption data on NaF(U,0) crystals.
Relative peak heights are l is ted for the absorption 
lines found in several crystals
Positions (cm- '*') of the infrared lines
Crystal 1100 830 815 780 725 705
C16 NaF(0 .03  at .% U) 27 53 43 50 27 57
C32 NaF(0.005 at.% U, 
0.01  m ol .% NaOH) 7 12 76 - 24
C72 NaF(0.01 at.% U, 
0 .5  mol.% NaOH) 10 8 6 7 - 7
C106 NaF(0.01 at .% U) 12 24 - 16 3
4 . 4  UNIAXIAL STRESS MEASUREMENTS 
4 , 4 , 1  INTRODUCTION
The energy l e v e l  diagrams d e p i c t e d  i n  F igu re s  4.14 and 4.15 
agree  wi th  a U0,_F model o f  s i t e  symmetry f o r  th e  p r i n c i p a l
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centres in NaF(U,0) and LiF(U,0) with the excited states arising 
from a transfer of an electron from an oxygen 2p orbital to the 
uranium 5f orbital. There will be different possibilities for 
the electron concerned. It can originally belong to the axial 
oxygen or to the planar oxygens or to a combination of both. A 
study was made to find the influence of unidirectional elastic 
deformation on the absorption strength of the 552.8nm line in 
NaF(U,0) and 518.5nm line in LiF(U,0) in an attempt to establish 
the origin of the electron concerned in the charge transfer giving 
rise to these absorptions.
4.4.2 EXPERIMENTAL DETAILS
The samples used in these experiments were cleaved along 
<001> crystallographic direction and were from the same crystals 
as the ones used for measurements described in section 4.3. The 
samples were mounted on a sample holder with a press, inside a 
flowtube and was cooled to about 10 K using liquid helium. The 
samples were subjected to uniaxial compression along the <001> 
direction. The excitation and observation were in the direction 
X , perpendicular to the compression axis Z . White light was 
dispersed by a monochromator and passed through a linear polarizer 
before the sample and on passing trhough the sample was detected 
by a S-20 photomultiplier. The spectra were taken once with the 
incident light polarized with its electric vector parallel to Z 
and again with the electric vector perpendicular to X .
4.4.3 RESULTS AND DISCUSSION
The uniaxial compression strength was increased from zero to
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2 2a sample p r e s s u r e  o f  10 kg/mm , i n  s t e p s  o f  3 kg/mm and th e  
spec trum was r eco rded  a t  each i n t e r v a l  f o r  bo th  p o l a r i z a t i o n s  o f  
the  i n c i d e n t  l i g h t .  N e i t h e r  th e  5 5 2 . 8nm l i n e  i n  NaF(U,0) no r  th e  
5 1 8 .5nm l i n e  i n  LiF(U,0) showed any measurable  change in  the  
a b s o r p t i o n  s t r e n g t h  f o r  e i t h e r  o f  th e  two p o l a r i z a t i o n s .
I t  was expec ted  t h a t  a u n i a x i a l  compression along Z w i l l  
t end  to  d e c re a se  th e  d i s t a n c e  between th e  a x i a l  oxygen and t h e  
uranium atom, c aus ing  a l a r g e r  o v e r l a p  o f  t h e i r  o r b i t a l s ,  f o r  th e  
U0 F c e n t r e s  o r i e n t e d  along  th e  Z d i r e c t i o n .  This  compression 
w i l l  a l s o  i n c r e a s e  th e  d i s t a n c e  between t h e  uranium atom and t h e  
p l a n a r  oxygens o f  th e  same c e n t r e s  as t h e  p l a n a r  oxygens w i l l  be 
'p u sh ed '  ou twards .  These e f f e c t s  can be expec ted  t o  i n c r e a s e  w i th  
th e  compression s t r e n g t h .  S ince  t h e  r e l e v a n t  t r a n s i t i o n s  a re  o f  
-* e l e c t r i c  d i p o l e  o r i g i n ,  on ly  t h e  c e n t r e s  o r i e n t e d  along 
th e  d i r e c t i o n  o f  p o l a r i z a t i o n  o f  th e  i n c i d e n t  l i g h t  w i l l  g ive  r i s e  
to  a b s o r p t i o n .  Hence when t h e  compress ion  s t r e n g t h  i s  i n c r e a s e d ,  
f o r  p o l a r i z a t i o n  o f  th e  i n c i d e n t  beam along  t h e  Z d i r e c t i o n ,  one 
would expec t  an i n c r e a s e  i n  t h e  a b s o r p t i o n  i f  t h e  e l e c t r o n  t r a n s f e r  
occurs  from the  a x i a l  oxygen t o  t h e  uranium atom and a d e c re ase  i n  
th e  a b s o r p t i o n  s t r e n g t h  i f  t h e  e l e c t r o n  comes from t h e  p l a n a r  
oxygens .
The o r i g i n  o f  th e  e l e c t r o n  in v o lv e d  i n  t h e  charge  t r a n s f e r  i s  
no t  obvious from th e  p r e s e n t  r e s u l t s .  This  i n c o n c l u s i v e  r e s u l t ,  
o f  no change i n  a b s o r p t i o n  s t r e n g t h  when u n i a x i a l  compression i s  
a p p l i e d ,  could  be due to  e i t h e r  o r  bo th  o f  th e  fo l l o w in g  r e a s o n s :  
The 5 f  o r b i t a l s  o f  t h e  uranium atom and 2p o r b i t a l s  o f  t h e  
oxygen atoms might be o v e r l a p p i n g  q u i t e  s t r o n g l y  even f o r  a 
c r y s t a l  under  no p r e s s u r e .  I f  s o ,  t h e  compression w i l l  n o t  have 
an a p p r e c i a b l e  e f f e c t  on t h e  o v e r l a p  and hence i n  t h e  a b s o r p t i o n
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strength. The other explanation is that the electron belongs 
originally to a combination of axial and planar oxygen orbitals, 
in which case the cancellation of the two effects could lead to an 
inconclusive result as obtained in our measurements.
4.5 ATTEMPTED IDENTIFICATION OF B 1SB2 LEVELS
4.5.1 INTRODUCTION
The transitions -* and -> B^  are forbidden under
C^y symmetry. Lowering the symmetry from C ^  to C^y by a
distortion along the <001> direction changes the B^ symmetry
of a state to A symmetry and the B symmetry of a state to A 1 z z
symmetry. Lowering the symmetry from C^y to C^^ by a 
distortion along the <110> direction changes the B^ symmetry 
of a state to A^ symmetry and the B^ symmetry of a state to 
A^ symmetry. Hence an attempt was made to identify the B^B^ 
states which could not be located under C^y symmetry as the 
transitions to these states are forbidden, by lowering the symmetry 
to C^y using uniaxial stress.
4.5.2 EXPERIMENTAL DETAILS
Two specimens of a LiF(U,0) crystal were used in these 
experiments, one cleaved with all <001> faces and the other 
cleaved with one <001 > face and two <110> faces. The sample 
was mounted in a sample holder with a press and cooled to 10 K by 
helium gas flow in a flowtube. The laser beam was used to excite 
the sample and the emission was monitored. The experimental set-
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up was s i m i l a r  t o  t h a t  mentioned i n  s e c t i o n  4 . 2 . 1 ,  excep t  t h a t  the  
e x c i t i n g  l i g h t  was i n c i d e n t  a t  an angle  t o  t h e  moni to red  emiss ion  
i n s t e a d  o f  b e in g  o r th o g o n a l  t o  i t .  The em i t t e d  l i g h t  i n  th e  Y 
d i r e c t i o n  pas s ed  th rough  an a n a l y s e r  w i th  t h e  p o l a r i z a t i o n  ax is  i n  
th e  X d i r e c t i o n  b e f o r e  e n t e r i n g  t h e  monochromator.
The f i r s t  c r y s t a l  was mounted on th e  sample h o l d e r  w i th  th e  
t h r e e  faces  along  X,Y,Z d i r e c t i o n s .  For exper im en ts  u s in g  the  
second c r y s t a l ,  i t  was mounted w i th  one < 1 1 0 >  face  p e r p e n d i c u l a r  
t o  t h e  Z d i r e c t i o n  and th e  o t h e r  < 1 1 0 >  face  p e r p e n d i c u l a r  to  
th e  Y d i r e c t i o n .
The s t r e s s ,  when a p p l i e d ,  was along  th e  Z d i r e c t i o n  f o r  
bo th  c r y s t a l s .
When th e  l a s e r  beam i s  p o l a r i z e d  i n  th e  v e r t i c a l  d i r e c t i o n  i t  
w i l l  e x c i t e  t h e  c e n t r e s  o r i e n t e d  i n  t h e  Z d i r e c t i o n ,  and th e  
e x c i t a t i o n  s p e c t r a  o b t a in e d  by m o n i to r in g  th e  magnetic  d ip o l e  
em iss ion  ( p o l a r i z e d  w i th  e l e c t r i c  v e c t o r  along th e  X d i r e c t i o n )  
along th e  Y d i r e c t i o n  w i l l  be due t o  e l e c t r i c  d ip o l e
t r a n s i t i o n s  o f  t h e s e  c e n t r e s .  When t h e  s t r e s s  i s  a p p l i e d  on th e  
c r y s t a l  along  a < 0 0 1 >  c r y s t a l l o g r a p h i c  d i r e c t i o n  t h e  s t a t e s
w i l l  be expec ted  t o  appea r  as a d d i t i o n  f e a t u r e s  i n  th e  e x c i t a t i o n  
spec trum when th e  l a s e r  beam i s  p o l a r i z e d  i n  th e  v e r t i c a l  d i r e c t i o n .
When th e  s t r e s s  i s  a p p l i e d  p e r p e n d i c u l a r  t o  a <110 > f a c e ,  
t h e  s t a t e s  w i l l  be expec ted  t o  appea r  as a d d i t i o n a l  l i n e s  i n
th e  e x c i t a t i o n  spec trum when th e  l a s e r  beam i s  p o l a r i z e d  i n  th e  
v e r t i c a l  d i r e c t i o n .
4 , 5 , 3  RESULTS
F i r s t  t h e  c r y s t a l  w i th  a l l  < 0 0 1 > faces  was used .  The
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excitation spectrum was obtained monitoring the emission at
527.8nm, with no applied stress with the incident beam polarized
in the vertical direction. Then stress was applied on the sample 
2upto 10 kg/mm and the corresponding excitation spectrum was 
recorded as before. No new lines appeared in the excitation 
spectra due to the applied stress.
The same procedure was repeated for the other crystal with 
two <110> faces and one <001 > face. Again, no new features 
appeared in the excitation spectra when the stress was applied.
4,6 AT T E M P T E D  P R E F ERE NTIAL O R I ENTA TION OF THE 
PRINCIPAL CENTRE
A UOj-F centre will have an associated electric dipole moment. 
In an attempt to get the UO,_F centres oriented in a preferred 
direction in the cubic LiF host crystal, a LiF(U,0) crystal was 
heated in a furnace to 840°C and maintained at that temperature 
for one hour with an electric field of 200 v/mm across it. Then 
the crystal was cooled and the fluorescence, when excited with 
unpolarized UV light, was checked with a polarizer. No preferred 
orientation was found for the fluoresence.
4,7 CON CLUSIONS
This study has enabled the symmetries and the location of the 
electronic excited states to be established and the phonon coupling
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from l o c a l i z e d  v i b r a t i o n s  t o  be d e s c r ib e d  f o r  th e  5 6 3 .6nm emission  
c e n t r e  i n  NaF(U,0) and 5 2 7 . 8nm em iss ion  c e n t r e  i n  L i F ( U , 0 ) . In 
p a r t i c u l a r  an E l e v e l  hav in g  low g -v a lu e  has been found i n  each 
case  f a i r l y  c lo se  i n  energy t o  th e  f l u o r e s c i n g  l e v e l .
CHAPTER 5 : ELECTRONIC STRUCTURE OF THE U05 F 
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5.1 INTRODUCTION
In the previous chapter an analysis of the luminescence and 
absorption of the principal centres in LiF(U,0) and NaF(U,0) has 
been reported including assignments of the symmetries of the 
excited electronic states and magnetic moment data for the low 
lying E levels. An electronic configuration calculation based on 
the UO^ -F complex was undertaken in order to compare the character­
istics of the excited states arising from this model with the 
experimental data.
In uranium compounds the 5f orbital energies are well below 
those of the 6d orbitals (Denning et al., 1979b). In analogy 
with the results for uranium hexafluoride which is isoelectronic 
with the octahedral uranate group, Bleijenberg (1980) concluded 
that charge transfer transitions from ligand oxygen 2p orbitals 
to uranium 5f orbitals occur at about 2-4 eV and to uranium 6d 
orbitals occur at higher energies in UO^
The excitation bands reported in Chapter 4 are observed 
around the 2-3 eV region. Hence in the present study, an electron 
transfer from the 2p ligand oxygen orbital to the empty 5f 
orbital of the uranium was considered to give rise to these 
excitation bands.
Either the axial oxygen or the equatorial oxygens can be the 
source of the 2p electron and in each case the electron could 
originally belong to either the o(m =0) orbital or the ir(m^  = ±1) 
orbital. All the excited states of the dominant centre (shown in 
Chapter 4) should arise from transitions involving the same 
parentage for the electron origin. This assumption is valid, as 
only a single emission zero-phonon line was observed to be
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a s s o c i a t e d  w i th  a l l  t h e  f e a t u r e s  i n  t h e  e x c i t a t i o n  spec trum.  I f  
t h e r e  were two d i f f e r e n t  donor oxygen o r b i t a l s  a s s o c i a t e d  with  
t h e  e x c i t a t i o n  spec trum then  two e m iss ion  zero-phonon l i n e s  shou ld  
have been observed .
The two d i f f e r e n t  p o s s i b i l i t i e s  o f  t h e  e l e c t r o n  o r g i n a t i n g
from t h e  o  o r b i t a l  o r  t h e  tt o r b i t a l  o f  th e  a x i a l  oxygen, w i l l
g ive  r i s e  t o  two d i f f e r e n t  s e t s  o f  e x c i t e d  s t a t e s  s in c e  t h e  f i r s t
case  w i l l  r e s u l t  i n  one e l e c t r o n  in  an incom ple te  2p^ oxygen
o r b i t a l  and i n  the  second case t h e r e  w i l l  be 3 e l e c t r o n s  i n
incomple te  2p^ oxygen o r b i t a l s .  These two p o s s i b i l i t i e s  were
co n s id e re d  s e p a r a t e l y  in  d e t a i l .
The c o n s t r u c t i o n  o f  the  e x c i t e d  s t a t e s  and energy m a t r i c e s
f o r  t h e s e  two c a s e s ,  r e f e r r e d  t o  as t h e  a x i a l  a f  model and th e  
3
a x i a l  tt f  model r e s p e c t i v e l y ,  a r e  d e s c r i b e d  in  the  nex t  few 
s e c t i o n s  t o g e t h e r  w i th  c a l c u l a t i o n s  o f  some o f  th e  pa ram ete rs  
i n v o lv e d ,  d i a g o n a l i s a t i o n  o f  th e  m a t r i c e s  and a l e a s t  squa res  
f i t t i n g  p rocedure  t o  f i t  t h e  c a l c u l a t e d  and expe r im en ta l  r e s u l t s .  
The r e s u l t s  o b t a in e d  are  p r e s e n t e d  and d i s c u s s e d  in  s e c t i o n  5 .13 .
The d i f f e r e n t  p o s s i b i l i t i e s  i n  t h e  case  o f  th e  e q u a t o r i a l  
oxygens d o n a t in g  th e  r e q u i r e d  e l e c t r o n  a re  d i s c u s s e d  i n  s e c t i o n  
5 .1 4 .  I t  i s  shown t h a t  t h e  m a t r i c e s  f o r  t h e  Hamilton ian  i n  t h i s  
case can be o b t a in e d  from t h a t  o f  t h e  a x i a l  o f  and t h e  a x i a l
3
tt f  models w i th  some a p p r o p r i a t e  m o d i f i c a t i o n s .  The r e s u l t s  f o r  
t h i s  ca se ,  r e f e r r e d  t o  as the  e q u a t o r i a l  model,  a r e  p r e s e n t e d  and
d i s c u s s e d .
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5,2 THE HAMILTON I AN
The charge transfer from the oxygen 2p orbital to the empty 
uranium 5f orbital results in an electron in the uranium 5f 
orbital and an incomplete oxygen 2p orbital. Hence the 
Hamiltonian will have contributions from the electron in the 5f 
uranium orbital and the electrons in the incomplete 2p^ or 2p^ 
oxygen orbitals and can be described by the equation:
where
(H + H + H ) . e£ c SO l li.j
i<j
(5.2.1)
and
H n is the one-electron term , e£
H^ is the crystal field term ,
HQn is the spin-orbit term 
20
--- is the electron-electron repulsion term
rij
In writing this Hamiltonian, other magnetic interactions such as 
spin-spin interactions have been neglected since they are much 
weaker than those listed in equation (5.2.1).
Defining a coupling scheme, one can work out all the basis 
functions. In order to classify the states when the crystal field 
perturbation is applied, it is desirable to obtain linear 
combinations of these functions such that they belong to the 
different irreducible representations of the symmetry group to 
which the crystal field belongs, in the present case C.y Using 
these symmetry adapted functions the matrix elements for the total
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H am ilton ian  g iven  by e q u a t io n  (5 .2 .1 )  a re  worked o u t .  The whole 
s e c u la r  d e te rm in a n t  formed by th e s e  i n t e r a c t i o n  m a tr ix  e lem en ts ,  
when d ia g o n a l i s e d ,  y i e ld s  e ig e n v a lu e s  and e ig e n fu n c t io n s  which 
can be used to  e v a lu a te  th e  energy le v e l  s e p a r a t io n s  and g -v a lu e s .
5 . 3  D E T E R M I N A T I O N  OF B A S I S  S T A T E S
In c o n s id e r in g  th e  c o n s t r u c t io n  o f  th e  e x c i t e d  s t a t e s  from 
th e  SCF ( s e l f  c o n s i s t e n t  f i e l d )  m o le c u la r  o r b i t a l s  two k inds  o f  
co u p l in g  schemes, A - £ o r  go -  go c o u p lin g  schemes, can be used 
(Denning e t  a l . ,  1979b). As th e  f i r s t  scheme d ia g o n a l i s e s  the  
e l e c t r o n - e l e c t r o n  r e p u l s io n  o p e r a t o r  w i th in  a c o n f ig u r a t io n  and 
th e  second scheme d ia g o n a l i s e s  th e  s p i n - o r b i t  co u p lin g  w i th in  a 
c o n f ig u r a t io n ,  th e  b e s t  s t a r t i n g  p o in t  would be th e  A - £ scheme 
i f  th e  e l e c t r o n - e l e c t r o n  r e p u l s i o n  exceeds th e  s p i n - o r b i t  
i n t e r a c t i o n  whereas i f  th e  s p i n - o r b i t  i n t e r a c t i o n  dom inates th e n  
th e  a) - 0) scheme would be b e t t e r .  I t  i s  d i f f i c u l t  to  a s s e s s  th e  
r e l a t i v e  s t r e n g t h s  o f  th e  v a r io u s  i n t e r a c t i o n s  f o r  uranium -oxygen 
m o lecu la r  o r b i t a l s  and to  guess a t  th e  o u t s e t  which scheme i s  
a p p r o p r ia t e .  The go  -  go co u p l in g  scheme, where th e  in d iv id u a l  
w avefunc tions  f o r  th e  uranium  c e n t re d  f  o r b i t a l  and th e  oxygen 
c e n t re d  p o r b i t a l  a re  f i r s t  chosen to  be e ig e n fu n c t io n s  o f  go^  
where
A
GO
Z
£z
A
+ Sz (5 .3 .1 )
and d e te rm in a n ta l  f u n c t io n s  a re  th e n  c o n s t r u c t e d  to  be e ig e n fu n c t io n s
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o f  SI where z
5 f  e l e c t r o n 2p e l e c t r o n
( 5 .3 .2 )
was used in  t h i s  c a l c u l a t i o n .
Under symmetry th e r e  w i l l  be 3A  ^ , 3A  ^ , 4B^ , 4B^ and
seven  d e g e n e ra te  E s t a t e s  a r i s i n g  from p o s s i b l e  e x c i t e d  s t a t e  
c o n f ig u r a t io n s  f o r  th e  o f  model and 7A  ^ , 7 A , 7B , 7B2 and
t r a n s f e r  from th e  a x i a l  oxygen ion  to  th e  uranium io n .
The fo l lo w in g  two c r i t e r i a  were used to  de te rm ine  th e  b a s i s  
s t a t e s  b e lo n g in g  to  each r e p r e s e n t a t i o n .  1) The c r y s t a l  f i e l d  w i l l  
mix s t a t e s  a s s o c i a t e d  w ith  th e  same c r y s t a l  quantum number y 
d e f in e d  by th e  r e l a t i o n
symmetry. Hence th e  s t a t e s  b e lo n g in g  to  each i r r e d u c i b l e
r e p r e s e n t a t i o n  i s  r e q u i r e d  to  have th e  same y . 2) T ab le  5 .1  g ives
th e  c h a r a c t e r  t a b l e  f o r  a p o in t  group w ith  symmetry. I t
can be seen  t h a t  i f  th e  fo u r f o ld  a x is  i s  ta k e n  to  be a long  th e  z
d i r e c t i o n ,  th e  b a s i s  fu n c t io n s  o f  A  ^ and B  ^ r e p r e s e n t a t i o n s
should  change s ig n  under a m i r ro r  o p e ra t io n  R on a p la n eyz
c o n ta in in g  th e  y -z  ax es ,  w h ile  th o s e  o f  A^  and B  ^ r e p r e s e n t ­
a t io n s  rem ain unchanged. This  m i r ro r  o p e ra t io n  can a l s o  be done 
by a r o t a t i o n  th rough  an ang le  tt about th e  x , , a x is
fo llow ed  by an in v e r s i o n ,  i  .
3
14 d e g e n e ra te  E s t a t e s  f o r  th e  tt f  model f o r  an e l e c t r o n
S l^  = y(mod m) , ( 5 .3 .3 )
where m i s  e i t h e r  0 o r  4 f o r  a c r y s t a l  f i e l d  hav ing
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TABLE 5.1
(a) Character table of the group
C4V E r
o o -fs> C2 2a r 2ad
A1 1 1 1 1 1
A2 1 1 1 -1 -1
bi 1 -1 1 1 -1
B2 1 -1 1 -1 1
E 2 0 -2 0 0
(b) M ultip lication properties of irreducible representations 
General rules:
A x A = A , B x B = A , A x B = B , A x E = E , 
B x E = E
Subscripts on A or B
1 x 1 = 1 , 2 x 2 = 1 ,  1 x 2 = 2
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The e f f e c t  o f  t h e s e  o p e r a t i o n s  on t h e  o r b i t a l  p a r t  o f  a 
w avefunc t ion  | £ ,m ^ >  where £,m^ a re  t h e  o r b i t a l  and az imutha l  
quantum numbers, can be w r i t t e n  as fo l low s  ( G r i f f i t h ,  1961: Condon 
and S h o r t l e y ,  1957)
>, ( 5 .3 . 4 )  
i  = ( - l ) Ä|Ä,mJt>  . ( 5 .3 . 5 )
I t  fo l lows
(5 .3 .6 )
The e f f e c t  o f  i n v e r s i o n  on t h e  s p i n  p a r t  o f  th e  w avefunc t ion  
le aves  i t  unchanged,  w h i le  t h e  e f f e c t  o f  0,^ i s  de te rmined  by th e  
o p e r a t i o n  on t h e  s p i n  f u n c t i o n s  by t h e  m a t r ix  g iven  by
( G r i f f i t h ,  1961)
cos tt/ 2 - i  s i n  tt/2
- i  s i n  tt/2  cos tt/2
( 5 .3 . 7 )
0 - i
- i  0
( 5 .3 . 8 )
The chosen b a s i s  s t a t e s  f o r  th e  two models ,  o f  and tt f  a re  
l i s t e d  i n  Tables  5 .2  and 5 . 3 .  The wavefunc t ions  a re  r e p r e s e n t e d  
as S l a t e r  d e t e rm in a n t s  o f  o r b i t a l  p r o d u c t s  w i th  a b a r  ove r  an 
o r b i t a l  s i g n i f y i n g  3 s p in .  Degenerate o r b i t a l s  a re  g iven  i n
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TABLE 5 . 2  Chosen bas i s  s t a t e s  for  a axia l  o f  model in a 
crysta l  f i e l d  o f  C^y symmetry
R e p r e s e n t a t i o n S t a t e W ave func t ion g - v a l u e s  ( f o r  E s t a t e s )
+i —  C | lcr2ä | (+) | l Ö 2 a | )
J l
—  (|lcr27r~| (+) | 102tt+ I) 
J l
f—
-------------------N
H
 
C
nJ
<
 
<
^3 —  ( | l°2cf i+ | (+ )  |lä2<j>~|) / 2
♦ l
—  ( |la27T+ | (+) |102 tt" |)
/ z
f
B! *2
—  ( | l o 2 5 " | ( + ) | l ö 2 6 + 1) 
J2
B2 > —  ( | l a 2 6 + | (+) |1Ö26” 1)
J l
*4 —  ( | l o 2 ( | f  | ( T) |lä24>+ |) 
/2
*1 | l o 2 a | 2
*2 | 1Ö2tt+ I 1
^3 | 1o2tt+ I 1
E ^4 | 1Ö2Ö+ | 0
^5 | 1 0 2 6 " | -4
^6 I l ä 2 < f  | -3
^7 1102 f  | -3
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their complex form (e.g. cj) , 6+) . Only the open shell orbitals 
are shown explicitly. This follows the convention used by Denning 
et al. (1979b). The prefixes 1 and 2 denote oxygen and uranium 
orbitals respectively.
5,4 O N E -ELE CTRON ENERGY
Neglecting any relativistic effects, the contribution to the 
Hamiltonian from the one-electron terms is described by the 
equation
l (tVil lij
2z . e 
J (5.4.1)
where i is summed over the electrons and j is summed over the 
nuclei. The first term is the total kinetic energy of all the 
electrons and the second term is the total potential energy of 
all the electrons arising from their interaction with the nuclear 
charges. The one electron term will contribute equally to all 
elements from the same configuration and will be denoted by 
in the present work where i represents the configuration.
5.5 EVA LUATION OF MAT RIX ELEMENTS OF C R Y STAL FIELD 
INTERACTION
The electrons considered will be subjected to an electro­
static potential due to a symmetric system of charge distribution
129 .
around th e  io ns  which can be d e s c r ib e d  by th e  c r y s t a l  f i e l d  
Hami l ton ian  H^ , d e f in e d  as (Wyboume, 1965)
I
i , k , q
B? (C( k ) ) .  k q J i ( 5 .5 . 1 )
where B^ 's  a re  t h e  c r y s t a l  f i e l d  p a ram ete rs  and C ^ 's  a re  the  
e l e c t r o n i c  t e n s o r  o p e r a t o r s  r e l a t e d  t o  t h e  s p h e r i c a l  harmonics 
Yk byq
00 4tt
2k+l ( 5 .5 . 2 )
and summed over  a l l  e l e c t r o n s  in  th e  c o n f i g u r a t i o n .
As th e  i n t e r e s t  i s  on ly  i n  t h e  energy  d i f f e r e n c e s  o f  the  
e x c i t e d  s t a t e s ,  t h e  c r y s t a l  f i e l d  e f f e c t  on t h e  incomple te  2p 
oxygen o r b i t a l  w i l l  be o m i t t e d  as i t  w i l l  c o n t r i b u t e  a c o n s ta n t  
amount t o  a l l  t h e  e x c i t e d  s t a t e  e n e r g i e s .
For a f^ e l e c t r o n i c  c o n f i g u r a t i o n  only  the  terms wi th  
k < 6 have a n o n -ze ro  v a l u e .  The c r y s t a l  f i e l d  H ami l ton ian  f o r  
a 5f^ e l e c t r o n  i n  symmetry w i th  the  unique ax i s  along the
Z d i r e c t i o n  can be w r i t t e n  as ( P a r r o t  e t  a l . ,  1977)
H = c
+ )
+ r (6)
L0 )
The m a t r ix  elements  to  be e v a l u a t e d  a re  o f  the  form
( 5 .5 . 3 )
<aSLJJ  |H l a S ' L ' J ' J '  > z 1 c 1 z
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Wybourne (1965) gives the rules for calculating these matrix 
elements for a f^ configuration as follows.
< f^aSLJJ |H If^aSL’J 'J ' > z 1 c1 z
= l Bq <fNaSLJJz|u('k) > <f||c('k) I f >
k,q Z q
x S(S,S ') , (5.5.4)
where
<ll[ 1 > = (-1)Ä [(2£+l) (2£'+l)]^
' £ k £» '
0 0 0 V. y
£ k V  '
0 0 0V. y
is a 3j symbol .
(5.5.5)
(k)The matrix elements of the tensor operator IP J are diagonal in 
the spin S and are given by
< f^aSUJ I u Ck) j fN 
z1 q 1 aSL’J'J' > z (_1)J Jz
J k J'
-J q J ’ z z
X
<fNaSLj|u('k) l^aSL’J ’ > (5.5.6)
where
<fNa5Lj||u('k)!fNaSL,J’ > = (-i)S + L’+J+k [(2J+1) (2J1 +1) ]^
x ( 1 <fNaSL||u('k')| ^ a ’SL’> .
[ L’ L S J (5.5.7)
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J k
and
f J J ’ k |
f are 6j symbols
Jz q z ' { L* L S j1
By definition (Wyboume, 1965) for a single electron
<aSL||U('k) la'SL’ > = 1 . (5.5.8)
5.6 EVALUATION OF MATRIX ELEMENTS OF SPI N-OR BIT 
INTERACTION
The spin-orbit interaction Hamiltonian is given by
Hso = I S(r.)(S..y , (5.6.1)
i
where r^ is the radial coordinate, are the spin and the
orbital angular momentum of the ith electron, and the spin-orbit 
constant C(r^) in a central field with potential U(r^) is given 
by (Condon and Shortley, 1957)
C(r£) 2 22m C r. e l
dU(r.)
dr.
Equation (5.6.1) can be rewritten in the form
(5.6.2)
I C(r.) (S £ +S £ +S £ )z z X X y y i
= I C(ri)(Sz«.z ♦Js(S+*_+S_£+))i ,
(5.6.3)
(5.6.4)
1 3 2 .
d e f i n i n g  th e  s h i f t  o p e r a t o r s
JL = £ ± i £  , ( 5 .6 . 5 )± x y
and
S = S ± iS . ( 5 .6 . 6 )± x y v J
The e f f e c t  o f  t h e s e  s h i f t  o p e r a t o r s  on t h e  w avefunc t ions  can be 
w r i t t e n  as ( G r i f f i t h ,  1961)
£+ |£,m >  = h {(£+m )(£±m + l ) } ^ |£ , m  ± 1 >  , ( 5 .6 . 7 )
S+ | S , S z > = h  {(S+Sz) (S±Sz + l ) } ^ | S , S z±l >  . ( 5 .6 .8 )
These formulae i n  c o n j u n c t i o n  w i th  th e  s p a t i a l  and s p i n  o r t h o ­
n o rm a l i t y  o f  t h e  b a s i s  s t a t e s  were used to  c a l c u l a t e  t h e  m a t r ix  
elements  o f  .
5 .7  EVALUATION OF MATRIX ELEMENTS OF ELECTRON- 
ELECTRON INTERACTION
2
6The o p e r a t o r  -----  i s  a t w o - e l e c t r o n  o p e r a t o r  and t h e  most
r i j
ge n e ra l  te rm i n v o l v in g  t h i s  o p e r a t o r  i s  one i n  which f o u r
d i f f e r e n t  i n d i v i d u a l  b a s i s  f u n c t i o n s  a , b  , c , d  a re  in v o lv e d ,
2
I 0  I 3-Ct h a t  o f  < a b |  —— | cd >  , which i s  denoted  by and g iven  by
th e
4>*U) <J>bC2) <f>c ( D  4>d (2) dx1d i 2
r
( 5 .7 . 1 )
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where th e  (f>'s a re  t h e  s i n g l e  e l e c t r o n  e i g e n f u n c t i o n s  (Condon and 
S h o r t l e y ,  1957).  I t  can be shown t h a t  th e  m a t r ix  elements  van ish  
u n l e s s
a b e d  
+ m£ " + m£ ( 5 .7 . 2 )
and
a
mS
c
mS ’ ( 5 .7 . 3 )
where m^m^ a re  "the az im utha l  quantum number and t h e  s p i n  quantum 
number.
F re q u e n t ly  o c c u r r i n g  m a t r ix  elements  a re  t h e  Coulomb (J)  and 
exchange (K) i n t e g r a l s  d e f in e d  by
2
J ( a , b )  = < ab |——| ab >  , ( 5 .7 . 4 )
r l2
2
K(a,b)  = < ab |——|b a  > . ( 5 .7 . 5 )
r l2
More g e n e r a l l y  i t  can be s a i d  t h a t  t h e  i n t e g r a l  w i l l  be a J
i n t e g r a l  i f  t h e  two s p a t i a l  p a r t s  a r e  i d e n t i c a l  f o r  e l e c t r o n  (1)
and e l e c t r o n  (2 ) .  I t  w i l l  be a i f  the  two e x p o n e n t i a l
2arguments a re  t h e  same and J  i f  the y  d i f f e r  by 2 . In o t h e r  
words th e  J  i n t e g r a l  w i l l  have  a s u p e r s c r i p t  m d e f in e d  by
a c d b 
m£ " m£ = m£ '  m£ ( 5 .7 . 6 )
when th e  w avefunc t ion  has  a complex p a r t .  Likewise f o r  th e  K
i n t e g r a l .
1 3 4 .
Richards  and Hors ley  (1970) g ive  a s e t  o f  r u l e s  f o r  t a k i n g  
20
m a t r ix  elements  o f  -----  between a p a i r  o f  w avefunc t ions  if/ and
r l2 A
, which were fo l lowed  in  the  p r e s e n t  c a l c u l a t i o n .  The
D
fo l lo w in g  examples i l l u s t r a t e  th e  d i f f e r e n t  p o s s i b l i t i e s  
encoun te red  i n  t h e  p r e s e n t  work.
2
( i )  and ip a r e  i d e n t i c a l .  Then <i|; |----- w i l l  beA o A X* 2^ 2
equal  to
= lJka - I K
k£ k£
( 5 .7 . 7 )
e . g . 1tt"’1tt_ 1tt+2ö+ |——I l7T~ITT lTT+26+ |dx 
r 12
= 3J° + 3J? . - K? , - .1tt2o IttItt I ttItt 1tt2o
( i i )  i|j and d i f f e r  by two s p i n  o r b i t a l s .  Then t h e  i n t e g r a l
&...<!> . . .  -  k p ' r . • • • V " * q |dT = - 0  • (5-7'8)
e . g .  I Itt 1tt+1tt 26+ | —— | I tt Itt^ Itt 26^|dx
+ .  - -  ■* +
12
l7T+l7T+ 1tt+ 26 +
= c  ^ ^ -  c
26+2S+ Itt- 26 -
K1tt26
as t h e  f i r s t  te rm i s  zero  f o r  r ea sons  o f  s p i n  o r t h o g o n a l i t y .
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Raftery and co-workers (1972a, 1972b) have obtained the
Coulomb and exchange integrals between the molecular orbitals for
various simple electron configurations of linear molecules. These
were used, when appropriate, to check the validity of the matrix 
20elements of --- calculated in the present work.
rl2
5,8 M A T RIX ELEMENTS OF THE TOT AL HAMILTO NIAN
Table 5.4 gives the matrix elements of the total Hamiltonian 
H given by equation (5.2.1) for the axial of model and Table
35.5 gives the corresponding matrices for the axial tt f model.
The frequently occurring terms in the diagonal elements of 
the matrices were grouped together and given a single label
i=a,TT
ij U = a ,7T,<S,(j)j for convenience in presenting the matrix elements
in the form of tables. Hence the a . 1 s in Table 5.4 are defined 
as below:
4 2 2 d4 100 d6
°oa £la + £2a + 15 B0 + 11 B0 + 429 B0 + Jla2o
1 d2 1 n4 25 d6
qtt £la + £2tt + 5 B0 + 33 B0 143 B0 + J1o2tt
0t r. =  S ,  +  £ _ r .a6 la 26
7 p4 10 p6
33 B0 143 B0 Jla26 '
a , = e. + e0 . a ({) la 2(j) 3 B0 + 11 B0 429 B0 + J lo2(\>
(5.8.1)
(5.8.2)
(5.8.3)
(5.8.4)
The a .'s in Table 5.5 are defined as followsTTJ
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7T7T
TT (5
=  3e - , 0 - k2 4 2 2 ,+  £  +  —  B + —
ITT I t t I tt I t t I tt 2 a  15 0 11
= 3 e ,
TTo - K2 1  d 2 1  < + £ +  —  B +  —  B
ITT i T T i T T I t t I tt 2tt 5 0 33 i
=  3£ 7 T 0 -  K2 7 d 4 10 +  £  . - - - - - - - - B + - - - - - - - - - -
I T T I t t I tt I t t I tt 26 33 0 143
=  3£ -  K2 1 d 2 1 d +  e  -  —  B +  —  B
ITT I t t I tt I t t I tt 2<J) 3 0 11
B " + 3 J ( 5 .8 .6 )
( 5 .8 . 7 )
( 5 .8 .8 )
Since  t h e  m a t r i c e s  in v o lv e d  a r e  symmetr ic ,  on ly  t h e  top  h a l f  o f  
th e  m a t r ix  i s  p r e s e n t e d  i n  each case .
5 . 9  C O M P U T A T I O N  OF g - V A L U E S
In t h e  p re s en ce  o f  an e x t e r n a l  magnet ic  f i e l d  H , th e  
H amilton ian  f o r  t h e  e l e c t r o n i c  p a r t  has  an e x t r a  te rm ßH.(L+2S) . 
This  p e r t u r b a t i o n  w i l l  s p l i t  t h e  energy  l e v e l s  as w e l l  as mixing 
th e  e l e c t r o n i c  w a v e f u n c t i o n s . In g e n e r a l ,  t h i s  p e r t u r b a t i o n  i s  
very  much s m a l l e r  th a n  t h a t  p roduced  by th e  c r y s t a l  f i e l d .  Hence 
th e  c r y s t a l  energy  m a t r ix  i s  f i r s t  d i a g o n a l i z e d  and th e n  u s in g  the  
r e s u l t i n g  e i g e n v e c t o r s  as t h e  b a s i s  f u n c t i o n s  t h e  magnetic  
s p l i t t i n g s  a re  c a l c u l a t e d .  The magnetic  f i e l d  i s  u s u a l l y  a p p l i e d  
e i t h e r  i n  a d i r e c t i o n  p a r a l l e l  to  t h e  symmetry ax i s  ( t h e  p a r a l l e l  
Zeeman e f f e c t )  o r  p e r p e n d i c u l a r  to  t h e  symmetry a x i s  ( p e r p e n d i c u l a r  
Zeeman e f f e c t ) .
The e x t r a  magnet ic  te rm o f  th e  H amilton ian  f o r  th e  p a r a l l e l
Zeeman e f f e c t  i s
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Hmag ßH (L +2S ) ,z z z
and for the perpendicular Zeeman effect is
(5.9.1)
Hmag ßH (L +2S )X X X (5.9.2)
The matrix elements of L +2S are nonvanishing only for statesX X
containing = ±% (Wybourne, 1965). Hence the perpendicular 
effect is not observed in the present work. Thus the g-values 
observed are given for the state ijn by
ßH<ip. |L +2S I ip. >  = gßHMQL Z ,  Z I  O (5.9.3)
where |ip. >  is a linear combination of basis states obtained 
after the complete diagonalization of the matrices.
5,10 EVALUATION OF SOME PARAMETERS 
5,10,1 TWO-ELECTRON INTEGRALS
The computer program system MOLECULE (Jan Almlöf, 1974), 
which provides empirical calculations of the electronic structure 
of molecules, was used to find the two-electron integrals. In 
this program which uses cartesian coordinates, the basis set used 
is made up by fixed linear combinations of Gaussian type functions:
(5.10.1)
1 4 6 .
where
4>p = Np (X' V  P(-y_V  P(' Z_Zp') P exP t " a p j  ^r _ r p  ^ ] > ( 5 . 1 0 . 2 )
w i t h  t h e  n o r m a l i s a t i o n  c o n s t a n t  N e q u a l  t o
P
2a > 3/z
£ +m +n 
(4a  ) P P P
(2£ - 1 ) ! ! (2m - 1 ) ! ! (2np - l ) !! ( 5 . 1 0 . 3 )
where
n! ! ( n - 1 ) / 2  n -1 ( 5 . 1 0 . 4 )
and
£ + m + n = £ , ( 5 . 1 0 . 5 )
P P P
t h e  o r b i t a l  a n g u l a r  momentum.
Given t h e  e x p o n e n t s  a ' s  and c o n t r a c t i o n  c o e f f i c i e n t s  d ' s  
f o r  t h e  a tom ic  b a s i s  s e t s  o f  t h e  e l e c t r o n s  c o n c e r n e d  and t h e  
p o s i t i o n s  o f  t h e  atoms as  i n p u t ,  t h e  p rogram  MOLECULE can p r o v i d e  
t h e  r e q u i r e d  t w o - e l e c t r o n  i n t e g r a l s  i n  a c a r t e s i a n  c o o r d i n a t e  
sy s te m .
The a tom ic  b a s i s  s e t s  f o r  t h e  u ran ium  5 f  f u n c t i o n  were 
t a k e n  from t h e  c a l c u l a t i o n s  o f  Kahn e t  a l .  ( 1 9 7 8 ) ,  and t h e  b a s i s  
s e t s  g i v e n  by Hehre e t  a l .  (1969)  f o r  2p f u n c t i o n s  were u sed  
f o r  t h e  oxygen 2p f u n c t i o n .  These  a tom ic  b a s i s  s e t s  a r e  g i v e n  
i n  T a b le  5 . 6  and F i g u r e  5 .1  shows t h e  a m p l i t u d e  o f  t h e  u ran ium  
5 f  o r b i t a l  and oxygen 2p o r b i t a l  g i v e n  by t h e s e  b a s i s  s e t s .
The d i f f u s e  n a t u r e  o f  t h e  2p o r b i t a l  i s  t o  be  e x p e c t e d  f o r  a
1 4 7 .
doubly n e g a t i v e  ion  i n  a s o l i d .
TABLE 5 ,6  Atomic basis sets used in the present calculation
E x po n en t C o n t r a c t i o n  c o e f f i c i e n t
0 . 0 7 5 1 3 9
Oxygen 2p f u n c t i o n
0 . 3 9 1 9 5 7
0 . 2 3 1 0 3 1 0 . 6 0 7 6 8 4
0 . 9 9 4 2 0 3 0 . 1 5 5 9 1 6
0 . 3 0 7 3 6
Uranium 5 f  f u n c t i o n
0 . 2 8 8 3 4
1 . 0 5 3 3 2 0 . 4 6 8 4 6
3 . 1 0 9 1 5 0 . 3 2 9 3 2
9 . 4 3 6 4 6 0 . 0 7 4 5 7
The e x p l i c i t  n o rm a l i s e d  forms o f  the  fu n c t i o n s  used  i n  t h i s  
c a l c u l a t i o n  are  g iven  i n  Table  5 .7 .  These fo l low  th e  phase 
conven t ion  used  by G r i f f i t h  (1961).  Using t h e s e  p r e c i s e  forms o f  
th e  f u n c t i o n s  and t h e  t w o - e l e c t r o n  i n t e g r a l s  g iven  by t h e  program 
MOLECULE f o r  f u n c t i o n s  i n  a c a r t e s i a n  c o o r d in a t e  system,  th e  
r e q u i r e d  t w o - e l e c t r o n  i n t e g r a l s  f o r  bo th  t h e  o f  model and th e
3
tt f  model were c a l c u l a t e d  f o r  a uranium-oxygen s e p a r a t i o n  o f  
1 . 7Ä , as used by Denning e t  a l . (1979b).  Table  5 .8  p r e s e n t s  
t h e s e  c a l c u l a t e d  t w o - e l e c t r o n  i n t e g r a l  v a l u e s .
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FIGURE 5 .1  Amplitude, P (r )  = r  R (r )  of
11X/ D X/
(a) the uranium 5f o rb i ta l  (so l id  curve)
(b) the oxygen 2p o rb i ta l  (dashed curve)
TABLE 5
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,7  Expl ic i t  forms o f  the functions used in th is  
calcula t ion
ITT
Oxygen p functions  
/3
2/277
/3
2/277
/3
2/277
(x+iy)
(x - iy )
Uranium f  functions
2(j)'
/7
2 /rf
_ 2^ 1 
4 / tT
/ n
4/Jf
3 3 2 3 :
z - I  ZX " 2 Zy
9 2 2^  ~ 2 x y
2z - T  ' 2 (x+iy)
2 2'
2z2- ~  (x - iy )
26 + /105 ^zx
z
Z2 + ixyz2/277 l 2
26“ / l0 5
r 2ZX 2zy ixyz
2/277 t 2 z >
/35 3 2.2cJ) [(x  - 3xy ) + i  (3x
8/rf
/35~ r , 3 2. ’ r  t  2 3.-----  [(x -3xy ) - l ( 3 x  y -y  )]
8 /F
1 5 0 .
TABLE 5 ,8  Required two electron integral values in cm 
for the axial model (calculated for a U-0 
separation of 1.7°)
K1020 = 
K1g2tt 
K1g 2<5 
Kia24>
14862
2480
1789
1131
K1tt2g
K1tt2tt
K 21tt2tt
K1K1tt26
K3
K1tt26
K21tt24)
K 4
1tt2c|)
n 374 J 2 = 3I ttI tt
2590
413
^1 tt+26 + -1 7 8
2g 1tT
= 984
=: 282
1tt+ 1tt_
C . = -7 3 8
2g 26
- 345
. 1tt+1tt 
2TT + 2(j)+
128 -2 7 7
A d i f f e r e n t  approach t o  th e  e v a l u a t i o n  o f  the  Coulomb and 
exchange i n t e g r a l s  i s  o u t l i n e d  i n  Condon and S h o r t l e y  (1957) ,  
e s s e n t i a l l y  f o r  one c e n t r e  c o n t r i b u t i o n s .  In t h i s  method the
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Coulomb and exchange i n t e g r a l s  a re  r e w r i t t e n  as
J ( a , b ) (5 .1 0 .6 )
and
K(a,b)  = 6(ma ,mb ) £ bk (£ama ,36b mb )Gk (na 36a ,nb £b ) . (5 .1 0 .7 )
b  b  k = 0  36 36
To avoid  t h e  occurance  o f  f r a c t i o n a l  c o e f f i c i e n t s  f o r  t h e  F ' s  
and G’s i n  th e  i n t e g r a l s  i t  i s  conven ien t  to  d e f in e
Fk = Fk /Dk , (5 .1 0 .8 )
and
Gk = ck/Dk ’ ( 5 .1 0 .9 )
k k kth e  S la te r -C ondon  p a ra m e te r s .  The va lu e s  o f  a , b and D a re
l i s t e d  by Condon and S h o r t l e y  (1957) f o r  s ,  p ,  d and f  e l e c t r o n s .
In t h i s  case t h e  i n t e g r a l s  w i l l  have two c e n t r e  c o n t r i b u t i o n s
f o r  which t h e  above method i s  n o t  a p p l i c a b l e ,  a l though  i t  can be
used to  g ive  a maximum l i m i t  t o  t h e  v a lu e s  o f  t h e  i n t e g r a l s .
2
Also more g e n e ra l  m a t r ix  e l e m e n t s ,  such as * nee<  ^ to  be
e v a l u a t e d  and hence t h e  method o f  e x p l i c i t l y  c a l c u l a t i n g  th e
20
m a t r ix  e lements  o f  -----  was used.
r l2
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5.10,2 SPIN-ORBIT COUPLING CONSTANTS
The spin-orbit coupling constant for the electron in the
uranium centred orbital, L , was taken to be 1950 cm ^. This
value is in the range of values used by Denning et al. (1979b) for the
4 +uranyl molecule and by Mackey et al. (1975) for the U ion in ZrSiO^.
Various values ranging from 700 cm * - 1000 cm * were tried 
for the spin-orbit coupling constant for the electron in the 
oxygen centred orbital, £ . Although various values were tried
for Cq > for each fixed value of £q the calculation was done 
separately.
5.11 VARIABLE PARAMETERS
The following parameters, defined in section 5.7 and section 
5.5, were treated as variables in this calculation, unless mentioned 
otherwise:
x m  - a.a
X(2) = OLg 
x(3) =
X(4) =
X(S) =
aiTT
aiTT
ain
3with i = a for the af model and i = tt for the tt f model. 
The other parameters were kept fixed at the values mentioned in
section 5.10.
1 5 3 .
5 . 1 2  CALCULATI ON OF THE E X C I T E D  EL ECT RONI C S T A T E S
Each o f  th e  m a tr ic e s  given in  T ab le  5 .4  and Table 5 .5  was 
d ia g o n a l i s e d  in d i v i d u a l l y  to  g ive  th e  e ig e n v a lu e s  and e ig e n fu n c t io n s  
o f  th e  e x c i t e d  e l e c t r o n i c  energy l e v e l s  i n  term s o f  th e  chosen 
p a ra m e te rs .  Using th e s e  v a lu e s ,  th e  energy  s e p a r a t io n s  o f  th e  low 
ly in g  e x c i t e d  l e v e l s  and th e  m agnetic  moments in  th e  case  o f  E 
s t a t e s  were c a l c u l a t e d  s e p a r a t e l y  f o r  th e  a x i a l  o f  model and th e
3
7T f  model. A l e a s t  sq u a re s  f i t t i n g  p ro ced u re  was used  i n  an 
a t te m p t  to  f i t  th e  c a l c u l a t e d  low ly in g  energy  l e v e l s  and m agnetic  
moments w ith  th e  ex p e r im en ta l  d a ta  g iven  in  C hapter 4.
Two s e p a r a t e  computer programs i n c o r p o r a t in g  th e  c a l c u l a t i o n s  
d i s c u s s e d  above were w r i t t e n  f o r  th e  ca se s  o f  th e  a x i a l  o f  model
3
and th e  a x i a l  tt f  model, b u t  bo th  programs fo llow ed  th e  same 
p ro ced u re  which can be b r i e f l y  o u t l i n e d  as fo llow s
S t e p  1 - r ead  th e  i n i t i a l  cho ice  o f  v a r i a b l e s
S t e p  2 -  u s in g  th e s e  v a r i a b l e  v a lu e s  and th e  f ix e d  pa ram e te r
v a lu e s ,  f in d  th e  v a lu e  o f  each m a tr ix  element
S t e p  3 -  u s in g  th e  ANU Computer l i b r a r y  s u b ro u t in e  ANULIB*EIGEN,
compute th e  e ig e n v a lu e s  and e ig e n fu n c t io n s  f o r  th e  
i n d i v id u a l  m a tr ic e s
S t e p  4 - u s in g  th e  v a lu e s  found i n  s t e p  3 and th e  symmetry o f
th e  m a t r i c e s ,  check w hether th e  symmetry o f  th e  low 
ly in g  energy  l e v e l s  ag ree  w ith  th e  ex p e r im e n ta l  d a ta  
(see  C hap te r  4 ) .  I f  n o t ,  s to p  th e  program
S t e p  5 - c a l c u l a t e  th e  energy  le v e l  s e p a r a t io n s  and f o r  E
s t a t e s  m agnetic  moments f o r  th e  low ly in g  energy  l e v e l s
and th e  sum o f  th e  sq u a re s  o f  w eigh ted  d e v ia t io n s  o f  
th e s e  from th e  ex p e r im en ta l  d a ta
Step 6 - use ANU Computer l i b r a r y  s u b ro u t in e  ANULIB*PRAXIS to
vary  th e  p a ram ete r  v a lu e s  and r e p e a t  s t e p  2 - s t e p  5, 
u n t i l  th e  sum o f  th e  s q u a re s  o f  th e  w eigh ted  d e v ia t io n s  
between th e  c a l c u l a t e d  and ex p e r im en ta l  v a lu e s  reaches  
a minimum
Step 7 - w r i t e  th e  c o r re sp o n d in g  v a lu e s  o f  th e  energy l e v e l
s e p a r a t i o n s ,  m agnetic  moments where a p p r o p r ia t e  and th e  
sum o f  the  sq u a re s  o f  th e  w eigh ted  d e v ia t io n  o f  the  
c a l c u l a t e d  v a lu es  from th e  ex p er im en ta l  v a lu e s .
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The fu n c t io n  m inim ised by th e  program was
C 0 2 r C 0 2 r C 0 ]
X1A11A2‘ X1A11A2 X1E1A2 X1E1A2 X2A1U 2- x2A11A2
100 200 1000
V. J V, J w d
r  L U 1
XiElA 2"XiElA 2
z
2
. X
C 0  > 
giE~giE
2 r c  o  >
g4E"g4E
1000 + L 0.1 + 0.1i= l L JV
(5 .1 2 .1 )
where th e  s u p e r s c r i p t s  C and 0 deno te  th e  c a l c u l a t e d  and 
e x p e r im e n ta l ly  observed  v a lu e s ,  x ' s  deno te  th e  energy l e v e l  
s e p a r a t io n s  between th e  l e v e l s  d e s c r ib e d  by th e  s u b s c r i p t s  and 
g ’s a re  th e  m agnetic  moments o f  th e  E l e v e l s  d e s c r ib e d  by th e  
s u b s c r i p t .
The f i t t i n g  was t r i e d  f o r  th e  NaF(U,0) c a se .  The LiF(U,0) 
case  was n o t  t r i e d  as t h e r e  may be some m iss in g  l e v e l s  i n  th e  
420nm re g io n  as m entioned in  C hap te r  4, which do n o t  have
sufficient intensity to be detected, and hence trying to fit the 
energy levels of the LiF(U,0) principal centre might yield 
misleading results.
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5,13 RESULTS AND DISCUSSION FOR THE AXIAL MODEL
The very small magnetic moment of the first excited E level, 
which has g = -.15 and g = -.08 for NaF(U,0) and LiF(U,0) 
respectively, suggests that the suitable dominant contribution for 
the lowest E state should be from |lo26+| in the of model 
and from either or both of |1tt+ 1tt Itt 2(j)+| , |17T+ 1tt 1tt+ 2tt+ | in
3the 7T f model. These three states have zero magnetic moment 
(Tables 5.2 and 5.3) and the observed small deviation from zero 
can be due to the contributions from other states mixing through 
the various interactions.
Let us assume that the dominant configuration in the lowest 
E state is |lo26+ | for the of model. This can be achieved 
by setting
a06 < a . (j =o,it,<j>)
where the a's are given by equations 5.8.1 - 5.8.4. However, it is 
easily seen that this restriction would give the first E level 
lower in energy than the lowest A^,A^ levels as the A^ and 
A^ matrices do not have a lo26 component. A least squares 
fitting tried for this case proved this to be true. This result 
is in contradiction to the experimental data.
1 5 6 .
In th e  tt f  model, assuming th e  dominant c o n f ig u r a t io n  in  
th e  low est E s t a t e  to  be | 1 tt+ 1 tt I tt 2(j>+ | r e q u i r e s
K i7T<J) < a ( j  =  g , tt ,< $ )
where th e  a ' s  a re  d e f in e d  by e q u a t io n  5 .8 .5  - 5 .8 .8 .  This  was 
t r i e d  b u t  r e s u l t e d  in  g iv in g  a second E s t a t e  too  c lo s e  to  th e  
f i r s t  E l e v e l  ( s e p a ra te d  by le s s  th a n  1000 cm , w ith  
I I tt I tt I tt 2(p | as th e  dominant c o n f ig u r a t io n .  This  i s  to  be 
ex p ec ted  as | 1 tt+ 1 tt I tt 2(j)+ | and | 1 tt+ I tt” I tt" 2(f)” | d i f f e r  by
only  £q ~ 1000 cm  ^ i n  th e  d ia g o n a l  e lem en ts ;  b u t  th e  
ex p e r im e n ta l  r e s u l t s  p r e d i c t  a s e p a r a t io n  between th e  f i r s t  and 
second E s t a t e s  o f  more th a n  3000 cm ^ .
I t  i s  r e a d i l y  seen  t h a t  i t  i s  n o t  p o s s i b l e  to  ge t th e  
I I tt I tt I tt 2 tt | s t a t e  dominant in  th e  f i r s t  E s t a t e  as th e
3
o th e r  I tt 2 tt c o n f ig u r a t io n s ,  w ith  n on -ze ro  m agnetic  moments, 
w i l l  have low er energy  th a n  t h i s  s t a t e  and w i l l  g ive  more 
c o n t r i b u t i o n  to  t h e  th e  low est E s t a t e .
In an e f f o r t  to  f in d  ou t w he ther  any com bination  o f  th e  b a s i s  
s t a t e s  would g ive  th e  r e q u i r e d  energy  l e v e l  scheme, th e  c a l c u l a t i o n  
was r e p e a te d  a l a r g e  number o f  t im e s ,  w ith  d i f f e r e n t  i n i t i a l  v a lu es
3
f o r  th e  v a r i a b l e s .  Both th e  a f  model and th e  tt f  model were 
t r i e d  s e p a r a t e l y  b u t  i t  was n o t  p o s s i b l e  to  g e t  a re a s o n a b le  f i t  
o f  th e  c a l c u l a t e d  low ly in g  energy  l e v e l s  w ith  th e  e x p e r im e n ta l  
d a t a ,  t o g e t h e r  w ith  f e a s i b l e  v a lu e s  f o r  th e  v a r i a b l e s .  In b o th  
m odels, th e  very  low m agnetic  moment gn„ o f  th e  f i r s t  e x c i t e d  
E s t a t e  appea rs  to  be in c o m p a t ib le  w ith  th e  energy  s e p a r a t io n  
between th e  f i r s t  e x c i t e d  s t a t e  and th e  f i r s t  e x c i t e d  E
s t a t e .
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Although n o t  very  c l e a r  in  th e  o u t s e t ,  t h i s  ap p aren t  
i n c o m p a t i b i l i t y  i s  n o t  s u r p r i s i n g  when one c o n s id e rs  th e  n a tu re  
o f  th e s e  b a s i s  s t a t e s .  For example c o n s id e r in g  a o f  model, 
i n d i v id u a l  lo2o  , la26 o r  la2<J> c o n f ig u r a t io n s  cannot g ive  
th e  f i r s t  t h r e e  e x c i t e d  s t a t e s  in  th e  c o r r e c t  symmetry o rd e r  as 
th e  ex p e r im en ta l  d a ta .  A p u re  1q2tt c o n f ig u r a t io n  can g ive  th e  
c o r r e c t  symmetry o rd e r  f o r  th e  f i r s t  t h r e e  e x c i t e d  s t a t e s  and 
w i l l  g ive  an energy  s e p a r a t io n  equa l to  , 975 cm 1 , between
th e  E s t a t e  and th e  A s t a t e s .  Although t h i s  energy  s e p a r a t io n  
i s  in  agreement w ith  th e  e x p e r im e n ta l  v a lu e ,  th e  E s t a t e  w i l l  
have a m agnetic  moment v a lu e  o f  u n i ty  in  c o n t r a d i c t i o n  w ith  th e  
e x p e r im en ta l  v a lue  o f  -0 .1 5  f o r  NaF(U,0).
The low ering  o f  t h i s  g -v a lu e  can be ach ieved  i f  th e  1ö2tt 
c o n f ig u r a t io n  i s  a llow ed to  mix by an a p p re c ia b le  amount w ith  th e  
lo2(j) c o n f ig u r a t io n  th rough  th e  c r y s t a l  f i e l d  i n t e r a c t i o n ,  b u t  i t  
w i l l  have th e  d isa d v a n ta g e  o f  d e c re a s in g  th e  s e p a r a t io n  between 
th e  E and A s t a t e s .  The o th e r  p o s s i b i l i t y  in  th e  o f  model 
i s  th e  mixing o f  th e  uranium  and oxygen atomic tt o r b i t a l s  to  
g ive  two m o lecu la r  tt o r b i t a l s  (bonding and a n t i - b o n d in g  o r b i t a l s ) . 
This  would n o t  a f f e c t  th e  energy  s e p a r a t io n  b u t  w i l l  change th e  
m agnetic  moment o f  th e  E s t a t e  s in c e  th e  uranium  and oxygen tt 
fu n c t io n s  a re  n o t  o r th o n o rm a l .  The low est v a lu e  o b ta in a b le  in  
t h i s  manner w i l l  be 1-S, where S i s  th e  o v e r la p  i n t e g r a l  between 
th e  oxygen 2p^ and th e  uranium  5 f  o r b i t a l s .  A p a r t  o f  th e  
program MOLECULE, m entioned in  s e c t i o n  5 .1 0 .1  was used  t o  c a l c u l a t e  
t h i s  o v e r la p  i n t e g r a l .  S was c a l c u l a t e d  f o r  a U-0 s e p a r a t io n  
o f  1 .7 Ä and was found to  be 0 .2 5 .  Hence th e  m agnetic  moment o f  
th e  f i r s t  E l e v e l  can be only  lowered to  0 .75  i n  t h i s  manner.
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5,14 RESULTS AND DISCUSSION FOR THE EQUATORIAL MODEL
Consider the parentage of the electron involved in the 
transition to be the four oxygens in the equatorial plane of the 
UO^ complex, where the Z axis is taken along the fourfold 
symmetry axis and the four planar oxygens are situated along the 
X and Y axes.
By decomposing the p^ orbitals of the equatorial electrons, 
linear combinations of these orbitals can be obtained which 
transform as a^, b^ and e representations under symmetry.
The wavefunctions of these representations can be described in 
cartesian coordinates as
ai = ^(-Xl+y2"X3'y4') ’ (5.14.1)
bl = ^ Xr y2"X3+y4') » (5.14.1)
and
ea = (xx+x3) , (5.14.3a)
eb = (y2+y4} ’ (5.14.3b)
where the subscript i denotes the ith oxygen. It is easier to 
consider
e+ = %(x1+x3+i(y2+y4)) , (5.14.4)
and
e~ = ^(x1+x3-i(y2+y4)) , (5.14.5)
159 .
f o r  t h e  e r e p r e s e n t a t i o n ,  by analogy with  t h e  use o f  tt+ and
3
tt i n  th e  case  o f  th e  a x i a l  tt f  model.
I f  th e  e l e c t r o n  o r i g i n a t e s  from th e  a^ o r b i t a l ,  th e  energy 
m a tr ic e s  in v o lv ed  a re  seen  to  be s i m i l a r  to  t h e  Gf model f o r  th e  
a x i a l  c a se ,  u s in g  th e  m u l t i p l i c a t i o n  p r o p e r t i e s  o f  i r r e d u c i b l e  
r e p r e s e n t a t i o n s  g iv en  i n  Table  5 .1  and c o n s id e r in g  th e  f a c t  t h a t  
th e  G o r b i t a l  has = 0 . The only  change w i l l  be i n  th e  
m agnitudes o f  th e  tw o - e le c t r o n  i n t e g r a l s .  The r e q u i r e d  exchange 
i n t e g r a l s  were c a l c u l a t e d  in  a s i m i l a r  manner as m entioned in  
s e c t i o n  5 .1 0 .1 ,  b u t  w ith  th e  oxygen-uranium  complex a long  th e  X 
d i r e c t i o n .  These v a lu e s  a re  g iven  i n  Table  5 .9 .  However, t h i s  
model w i l l  n o t  be a p l a u s i b l e  one f o r  th e  same reaso n s  g iven  fo r  
th e  a x i a l  Gf model, as th e  i n v a l i d i t y  o f  th e  a x i a l  Gf model 
d id  n o t  depend on th e  v a lu e s  o f  th e  exchange i n t e g r a l s .
I f  th e  e l e c t r o n  t r a n s f e r  o r g in a t e s  from th e  b^ o r b i t a l ,  
th e n  th e  r e q u i r e d  energy  m a tr ic e s  can be d e r iv e d  from th e  a x i a l  
Gf case  by in te r c h a n g in g  th e  A  ^ m a tr ix  w ith  th e  m a tr ix  and
in te r c h a n g in g  th e  m a tr ix  w ith  th e  B^ m a tr ix  le a v in g  th e  E
m a tr ix  and th e  g -v a lu e s  o f  th e  E b a s i s  s t a t e s  unchanged. Again, 
th e  tw o - e le c t r o n  p a ram e te rs  w i l l  have d i f f e r e n t  v a lu es  and th e  
c a l c u l a t e d  exchange p a ram e te rs  f o r  t h i s  case  a r e  g iven i n  Tab le  
5 .9 .  To g ive  a sm all  m agnetic  moment f o r  th e  low est E l e v e l  th e  
| lb ^ 2 6 + s t a t e  would be ex p ec ted  to  be dominant i n  th e  f i r s t  
e x c i te d  E s t a t e .  A l e a s t  sq u a re s  f i t t i n g  was t r i e d  f o r  t h i s  
case  i n  a s i m i l a r  manner as m entioned  f o r  th e  a x i a l  o f  ca se ;  
bu t t h i s  was n o t  s u c c e s s f u l  as i t  gave th e  f i r s t  e x c i t e d  A-^  l e v e l  
lower i n  energy  th a n  th e  f i r s t  e x c i t e d  A^  l e v e l  i n  c o n t r a d i c t i o n  
w ith  th e  ex p e r im e n ta l  d a ta .  When one c o n s id e r s  th e  lb^26 
components o f  th e  A  ^ and A  ^ m a tr ic e s  (c o r re s p o n d in g  ones a re
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the B^ and matrices given in Table 5.4), it can be seen
that the lowest energy component of the lb^26 configuration
will be lower in energy than the lowest energy A0 component of 
the same parentage, irrespective of the absolute values of the 
exchange parameters, as the exchange parameters are always 
positive.
Considering the e representation it can be seen, using
3symmetry considerations, that the energy matrices for a e f case
will be similar to the axial ir^ f case (with e+,e corresponding
to tt+,tt ) with appropriate changes in the two-electron parameters
and putting = 0 as the e+ and e are combinations of a
orbitals which have % - 0 . For the same reason, the g-valuesz
of the component states of the E matrix would be different and 
these are listed in Table 5.10. The appropriate two electron 
integrals required in the calculation were calculated and are 
given in Table 5.9.
Considering the E matrix (corresponding to the E matrix of
3the axial tt f case given in Table 5.5) it is found that both the 
Ile+le le+2a| and |le+le le+20| states will have zero magnetic
3moments. Thus, in this case the le 2a configuration will be 
expected to be dominant in the first excited E state to give a
3small magnetic moment. As the le 2a configuration mixes with
3the le 2tt configuration through spin-orbit interaction and with
3the le 26 configuration through electron-electron interaction,
3 3to make the le 2tt and le 26 contributions (which have non-zero
magnetic moment) small in the first E state it was found that
3 3the le 2a configuration had to be well separated from the le 2tt
3and the le 26 configurations (a « a  , a ~) . But this& v ea eTT eö
3resulted in having a second excited E state, of mainly le 2a
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TABLE 5 ,9  Required two-electron integral values in cm" 
for the equatorial model (calculated for a U-0 
separation of  1.7°A)
a^f model b£f model
K
K
a^TT
a^6
a14)
1637 K, = 266V
1730 K, = 414
n  IT
b2
1881
\ & =  402
2474
-  1604
3
e f  model
951 J 2 = 1179 eTT
1029
1114 l e +26+C = 134
2 o le
971
1312 _ l e +le5 + =
2a26
-495
1553
2456 l e +lei  I 343
2tt 2(J)
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TABLE 5 ,1 0  g-values of the basis s ta tes  of E symmetry for
3
an equatorial e f model
Representation State Wavefunction g-value
+i 1le + le l e +2cr| 0
* 2 1le +le le+2Ö| 0
*3 1le +le l e +2TT + | -1
*4 1l e +le l e +2Tr | 1
*5 1le +le le 2tt+| 3
*6 1le+le le 2tt | -3
*7 1le+le le 26 + | 2
E
*8 | l e +le le 26 +1 2
*9 | l e +le le 26 1 -2
^10 | l e +le le 26 1 -2
*11 | l e +le l e +20+1 5
*12 | l e +le l e +2^ 1 -5
^13 | l e +le le 2<j>+| 1
^14 | l e +le l e+2f> 1 -1
1 6 3 .
c o n f i g u r a t i o n ,  s e p a r a t e d  from th e  f i r s t  E s t a t e  by l e s s  than
2000 cm * and having  a very  sm al l  g -  v a lu e .  The expe r im en ta l
d a t a  does no t  suppo r t  e i t h e r  o f  t h e s e  r e s u l t s .
3
Another p o s s i b i l i t y ,  i n  t h e  e f  c a s e ,  was to  have a
3 3dominant c o n t r i b u t i o n  o f  le  2tt and le  2(j) c o n f i g u r a t i o n s  i n  th e  
lowest  E s t a t e ,  mixed i n  an a p p r o p r i a t e  manner to  g ive a smal l  
magnet ic moment. This  was a t t em p ted  by s t a r t i n g  with
a  = a , < a  , a  r eTT ecj) ea eo
But t h i s  f a i l e d  to  g ive  a s a t i s f a c t o r y  energy s e p a r a t i o n  between 
the  f i r s t  E and the  s t a t e s  t o g e t h e r  w i th  a smal l  g -v a lu e
f o r  t h e  f i r s t  E s t a t e .  Also t h e  second E l e v e l  was very  c lo se  
t o  th e  f i r s t  E l e v e l .  The l a t t e r  r e s u l t  can be e a s i l y  e x p la in e d
3
by th e  f a c t  t h a t  two o f  t h e  s t a t e s  o f  t h e  l e  2cj) c o n f i g u r a t i o n  
w i l l  have t h e  same d ia gona l  m a t r ix  elements  ( s in c e  = 0 ,  i n  t h i s  
c a s e ) .
C o ns ide r ing  th e  tt o r b i t a l s  o f  t h e  e q u a t o r i a l  oxygen atoms,
the  p o r b i t a l s  a re  found to  t r a n s f o r m  as a , , b ,  and e r z 1 1
r e p r e s e n t a t i o n s  where as th e  p ^ ,p  o r b i t a l s  w i l l  t r a n s f o r m  as 
a^,  b^ and e r e p r e s e n t a t i o n s .  Each o f  t h e s e  a , b^ and e 
r e p r e s e n t a t i o n s ,  i f  c o n s id e r e d  to  be th e  o r i g i n  o f  t h e  e l e c t r o n ,  w i l l  
give s i m i l a r  energy m a t r i c e s  as f o r  t h e  co r respond ing  r e p r e s e n t a t i o n  
o f  th e  a o r b i t a l  o f  t h e  e q u a t o r i a l  oxygens ,  s i n c e  a^ and b^ 
are s i n g l y  d eg e n e ra te  and e i s  composed o f  s i n g l y  de g e n e ra te  
f u n c t io n s  ( s i n g l y  de g e n e ra te  f u n c t i o n s  have £ = 0) . The only
d i f f e r e n c e  w i l l  be i n  t h e  v a lu e  o f  t h e  t w o - e l e c t r o n  i n t e g r a l s .
The r ea sons  g iven  f o r  t h e  poor f i t t i n g  wi th  th e  a^ and b^ 
r e p r e s e n t a t i o n s  o f  t h e  e q u a t o r i a l  a  model a re  t r u e  i r r e s p e c t i v e
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of the values of these integrals. The e representations of the 
tt orbitals is also not expected to give a satisfactory result as 
they are not expected to yield much higher values for the exchange 
parameters, which will be required to have the necessary 
separation between the first two E levels.
The a^ representation of the it orbitals is not suitable 
as this would result in interchanging the A^ matrix with the 
matrix and the matrix with the matrix of the axial of
case. Thus, for any (positive) value of the two-electron para­
meters this would give the first A^ level lower in energy than 
the first A^ level, in contradiction with the experimental 
results.
Considering the b^ representation of the n orbitals to be 
the parentage of the electron involved, will give a set of energy 
matrices similar to the axial of case (Table 5.4) interchanging 
the A^ matrix with the B^ matrix and interchanging the A^ 
matrix with the B^ matrix, due to the multiplication properties 
of the representations. The E matrix and g-values of the 
components will remain unchanged. The necessary exchange integrals 
were calculated for the b^ function
b2 = il('yi+X2"y3~X4) 5 (5.14.6)
and are given in Table 5.9.
The small g-value of the first E state restricts the 
dominant contribution to the first E state to be from the 
! lb^25+ J state. A least squares fitting was attempted but could 
not successfully fit the first E-A separation and a small 
magnetic moment of the first E level while having the |lb?26+|
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dominant i n  t h e  lowest  s t a t e .
A s e p a r a t e  l e a s t  s qua re s  f i t t i n g  was t r i e d  f o r  t h i s  case by 
hav ing  the  X’s mentioned i n  s e c t i o n  5.11  and a l l  t h e  exchange 
i n t e g r a l s  as v a r i a b l e s .  The c a l c u l a t e d  va lu e s  f o r  t h e  exchange 
p a r a m e te r s ,  and va lues  o f  o t h e r  v a r i a b l e s  chosen t o  g ive  th e  
r e q u i r e d  major  c o n t r i b u t i o n  from th e  | l b 2 2 5 + | s t a t e  i n  o r d e r  to  
g ive  a smal l  g -va lue  to  t h e  f i r s t  e x c i t e d  E l e v e l ,  were used as 
s t a r t i n g  va lu e s  f o r  t h e  v a r i a b l e s .  A f t e r  about  50 i t e r a t i o n s  
( see  s e c t i o n  5 .12)  a good f i t  was o b t a in e d  excep t  f o r  th e  energy 
o f  the  h igh  l y i n g  E l e v e l .  The program was s topped  a t  t h i s  
s t a g e  d e l i b e r a t e l y  a l though  t h e  f u n c t i o n  F g iven  by e q u a t io n  
(5 .1 2 .1 )  had no t  reached  a minimum, as a l lo w in g  more i t e r a t i o n s  
d id  no t  produce  s i g n i f i c a n t  improvements i n  t h e  f i t .  The r e s u l t s  
o b t a in e d  a re  shown i n  Table  5.11 which co r responds  to  a va lue  o f  
12.5 f o r  th e  f u n c t i o n  F d e f in e d  by e q u a t io n  ( 5 . 1 2 . 1 ) .  I t  should  
be n o te d  t h a t  t h e  b ^ f  s o l u t i o n  g ives  v a lues  f o r  th e  exchange 
i n t e g r a l s  h ig h e r  than  t h e  c a l c u l a t e d  v a lu es  by an o rd e r  o f  
magnitude.
One o f  t h e  l i m i t a t i o n s  o f  t h e  p r e s e n t  c a l c u l a t i o n  was th e  
e x c l u s i o n  o f  cova lency  e f f e c t s  between t h e  oxygen o r b i t a l s  and th e  
uranium o r b i t a l s ;  b u t  i n c l u d i n g  t h i s  e f f e c t  w i l l  only  change th e  
va lu e s  o f  the  two e l e c t r o n  p a ram e te r s  and t h e  o n e - e l e c t r o n  e n e r g i e s .  
All  t h e  o n e - e l e c t r o n  energy terms and most o f  t h e  Coulomb terms 
occur  only  i n  t h e  d iagona l  e lements  and were no t  r e q u i r e d  to  be 
c a l c u l a t e d  as th e y  were used as v a r i a b l e s  ( s e c t i o n  5 . 9 ) .  Thus th e  
main d i f f e r e n c e  i n  t h e  c a l c u l a t i o n ,  i f  covalency  was i n c lu d e d ,  
would have been i n  t h e  va lu e s  o f  t h e  exchange param ete rs  and th e  
o t h e r  few tw o - e l e c t r o n  i n t e g r a l s  o c c u r in g  i n  th e  non-d iagona l
e l e m e n t s .
Table 5.11 166 .Results fo r  the b^ f  f i t
I n i t i a l  value o f  var iab les Final value o f  the var iab les
1C = 2 6 6V 8 3 5
K, =  4 1 4
Tj 2 7i
1 7 4 1
V ’ 402 3 0 2 3
V*- 1604 5 5 4 5
a, - CL = 7000t>2a -440
a, r  -  cl = -3000
b ? o
5600
'  V = 5000 3656
= 13000 4 6798
= -8000 4 -6700
Energy level scheme
Experimental Calculated (using the above mentioned 
f in a l  value o f  the var iab les)
850 2 --------------------------------------4E Si0'32
5 1 9 7 ------------------------------------------------------------ 4 E g - 0 - 3 3
4 4 7  9 3 E 9 : 0 - 4 6
4 4  0 5 ...........-   2 A i
4 1 0  9 2 E
4 3 1 0  3 E
4 0 6 8  4 A i
3 1 0 2 ------------------------------------------------------------2  E g = 0 - 41
8 4  8 -------------------------------------------------------- 1 E  g = - 0 - 1 5
3 4 7  1 A ,
0 1 A 2
7 9  5 ------------------------------------------------------------ J f  9  = - 0 - 14
3 7 0 - ---------------------------------------------------------1 A t
0  1 a 2
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To estimate the change in these parameters if covalency 
effects were to be included, the method used by Denning et al. 
(1979b) was attempted for the exchange integral . Assuming
a mixing of only the uranium 5f and oxygen 2p in the a 
orbital and a non-bonding uranium 6 orbital,
Kad n Kfafö + ^  Kpafö ’ (5
where the factor n is a measure of the covalency in the a
orbital. Assuming a relative mixture of .05 uranium character in
the o orbital (Hay et al. 1979, for UF ) yields n ~ .04 . The6
calculated values for the one-centre K., ~~ and two-centre Kfaf6 pafd
using the program MOLECULE, were 1787 cm ^ and 51340 cm ^
respectively. Hence it can be seen that given by equation
(5.14.7) will be equal to 3126 cm ^. If covalency was not 
considered, then
p^Qfd 1787 cm
-1
Therefore introducing covalency effects by a small amount is only 
expected to change the parameters by a factor of about 2. To 
change the parameters by an order of magnitude a much bigger 
mixing, of about .25 uranium character in the O orbitals, will 
be required.
A different approach has been used by Onopko et al. (1975,
1977) to calculate the characteristics of the uranium complexes 
9 — 9 + A —UO, , U0„ and UCL . The method used assumed that the4 2 6
14.7)
luminescence of these uranium activated crystals are due to 
transitions from lower excited anti-bonding states to vacant
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6,1 INTRODUCTION
Electron paramagnetic resonance studies on new paramagnetic 
centres created by x- or y-irradiation at room temperature in 
LiF(U,0) (Lupei and Ursu, 1974) and in NaF(U,0) (Lupei et al.,
1976a) showed the presence of a prevailing centre with tetragonal
symmetry which has been associated with a U^+ centre arising from
6 +  2—  __ a U centre with five 0 and one F in the first coordination
sphere (Lupei et al. , 1976b).
The low temperature absorption spectrum of x-irradiated 
LiF(U,0) shows new lines appearing in the visible and infrared 
region (Parrot et al. , 1977). Parrot et al. (1977) have identified 
the new lines in the infrared region as being due to two different 
centres using excitation techniques and obtained the energy levels 
of these two centres. Using the growth curves of these centres 
and the growth curve of the predominant EPR signal with x-irradiation, 
Parrot et al., identified the 2.09pm absorption centre created by 
x-irradiation as the UO^F centre found by Lupei et al. in EPR 
measurements.
Parrot et al. (1977) mentioned the presence of a strong new 
line at 562.8nm in x-irradiated LiF(U,0) crystals, but surprisingly 
have not made a study of this centre in detail, although this is 
the predominant new absorption line created by x-irradiation.
Hence, a study of the optical and MCD spectra of x-irradiated 
LiF(U,0) and NaF(U,0) was attempted to find more information on 
these new centres created by x-irradiation.
170.
6,2 EXPERIMENTAL DETAILS
Crystals used in this study had either 0.005 at.% or 0.01 at.% 
of uranium and were grown in oxidising atmospheres, except the 
reference crystals which were the undoped LiF and NaF crystals 
grown in air. The crystals were x-irradiated at low temperatures, 
either at liquid nitrogen temperatures using a cryostat cooled by 
liquid nitrogen or at about 20K using a continuous flow cryostat 
(Air Products and Chemicals Inc.). This was done to try to avoid 
or reduce electron trapping and creation of color centres (Parrot 
et al., 1977). The cryostats were fitted with three optical 
windows and one aluminium window to enable the radiation and 
observation to be done simultaneously. The x-irradiation was 
performed with 40 keV x-rays from a molybdenum target. Unless 
mentioned otherwise, the absorption spectra were recorded using 
the Cary 17 Spectrophotometer.
6,3 RESULTS FOR x-IRRADIATED LiF(U,0)
6,3,1 ABSORPTION OF THE NEW CENTRES
Figure 6.1 presents the absorption spectra of LiF(U,0) in the 
visible region before and after x-irradiation. Several new lines 
can be observed in the absorption spectrum of x-irradiated LiF(U,0) 
including a strong signal at 562.8nm. Figure 6.2 shows the 
absorption after irradiation in the region 530-570nm in more detail. 
There is a broad new absorption band together with new sharp lines. 
The dip in the spectrum at 543.2nm is an indication of an anti­
resonance (Fano, 1961) occurring in this region. It is interesting
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FIGURE 6,2 Absorption spectrum of an irradiated LiF(U,0) 
crystal in the 570-530nm region
W a v e l e n g t h  (nm)"
FIGURE 6,3 Absorbance and MCD spectra of the 562.8nm line in 
(a) MCD at 8 K (b) MCD at 50 K (c) absorbance 
at 8 K (d) absorbance at 50 K
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to note that this dip is more pronounced than the antiresonance 
feature at 14,800 cm  ^ in the absorption spectra of Cr^+ doped 
glasses, which has been claimed as a striking example of anti­
resonance in solid state physics (Lempicki et al., 1980). After 
x-irradiation this sample showed the presence of the 2.091pm centre, 
previously reported by Parrot et al. (1977) and denoted as 
centre, but there were no other new centres in the infrared region.
To find whether the 562.8nm absorption line was correlated 
with the centre, a crystal of LiF(U,0) was irradiated at 15 
minute intervals at liquid nitrogen temperature and the growth 
rates of the 562.8nm line and the 2.091pm line were simultaneously 
measured. Whereas the 562.8nm line started growing almost 
immediately with irradiation of the sample and reached saturation 
after one hour of x-irradiation, the 2.091ym line started growing 
only after about 45 minutes of x-irradiation and reache saturation 
level after 200 minutes of x-irradiation. This clearly showed 
that the 562.8nm absorption line is not due to the C-^  centre. The 
absence of other lines, except those due to the centre in the 
infrared region excludes the possibility of any of the newly 
created lines in the visible region being due to the centre of
Parrot et al. (1977). Hence we shall denote the centre giving the 
562.8nm absorption will be denoted as the centre.
More experiments were needed to find whether the new lines 
created by x-irradiation near the ultraviolet region of the 
absorption spectrum were associated with either the or 
centres. For this purpose two adjacent parts of a LiF(U,0) 
crystal were x-irradiated for different periods of time under 
similar conditions at liquid temperature and the absorption 
spectra before and after radiation were measured. After
174.
x-irradiation new lines were found in the same positions for both 
samples, but with different intensities due to the difference in 
irradiation times. Table 6.1 gives the locations of these new 
lines, their peak heights in each sample and the ratio of the peak 
heights in the two samples for each line. Since the linewidths of 
these new lines were not significantly different, the ratio of the 
peak heights is a good approximation of the ratio of the concentration 
of the centres. It can be seen from the data presented, that the 
new lines near the ultra violet region are definitely not due to 
the C^ centre. They could be correlated with the centre and 
this is discussed later.
To identify the new lines shown in Figure 6.1 with the 
presence of uranium, an undoped LiF crystal grown in air and a LiF 
crystal doped with 0.01 mol.% MgF^ and grown in air were x-irradiated 
at low temperatures for one hour and the absorption spectra were 
measured. None of the new lines showed in Figure 6.1 were present 
in these spectra. This shows that the new centres are not color 
centres nor are they associated with magnesium, which is the only 
significant impurity present in the LiF crystals. Hence, it can be 
concluded that the new lines are associated with uranium complexes.
6,3,2 MCD OF THE NEW CENTRES
Although the data given in Table 6.1 suggests that the new 
lines around the UV region could be associated with the centre, 
further experiments were required to attribute unambiguously these 
lines to the centre. For this purpose MCD experiments were 
done on a LiF(U,0) crystal x-irradiated at liquid temperature 
for 30 minutes. The MCD signals were calibrated against the MCD 
signal of the 403nm line of the LiF(U,0) and the g-values were
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c a l c u l a t e d  u s in g  th e  method o f  moments (see  s e c t i o n  4 . 2 . 4 ) .  The 
403nm l i n e  was e a r l i e r  found to  have a g -v a lu e  o f  -0 .4 5  (C hap ter  
4 ) .  There was a l s o  a broad  te m p e ra tu re  dependent MCD band in  th e  
570-560nm re g io n .  The MCD r e s u l t s  f o r  th e  l i n e s  g iven in  Table 
6 .1  a r e  summarised below:
a) 562.8nm 1ine
Figure  6 .3  shows th e  MCD and th e  absorbance o f  t h i s  l i n e  f o r  
d i f f e r e n t  te m p e ra tu re s .  I t  can be seen  t h a t  t h e r e  i s  no 
s i g n i f i c a n t  te m p e ra tu re  dependence o f  th e  d e r i v a t i v e  shaped MCD 
s i g n a l  excep t f o r  a s l i g h t  b ro ad en in g  and s h i f t i n g .  This  s h i f t i n g  
cou ld  be due to  th e  s h i f t i n g  o f  th e  a b s o rp t io n  l i n e  which can be 
seen  in  th e  f i g u r e .  Hence th e  MCD s ig n a l  i s  a s s o c ia t e d  w ith  a 
s p l i t t i n g  i n  th e  d e g e n e ra te  e x c i t e d  s t a t e  hav in g  a g -v a lu e  o f  
- 0 .0 5 .
b) 418.4nm l ine
F igu re  6 .4  d e p ic t s  th e  absorbance  and MCD s p e c t r a  o f  t h i s  
l i n e  f o r  d i f f e r e n t  t e m p e ra tu r e s .  At low te m p e ra tu re s  t h i s  l i n e  
g ives  an asymm etric MCD s ig n a l  seen  on th e  h ig h e r  energy  s id e  o f  
t h e  absorbance peak. As th e  te m p e ra tu re  i s  in c re a s e d  th e  MCD 
s ig n a l  changes l in e s h a p e  and a t  h ig h e r  te m p e ra tu re s  g ives  a 
d e r i v a t i v e  shaped s i g n a l .  T h is  i n d i c a t e s  a s p l i t t i n g  in  th e  
ground s t a t e  due to  th e  m agnetic  f i e l d .  At low er te m p e ra tu re s  
o n ly  th e  low er l e v e l  i s  p o p u la te d  and g ives  th e  asymm etric MCD 
s ig n a l  on th e  h ig h e r  energy  s id e  o f  th e  zero  f i e l d  a b s o rp t io n  
s i g n a l . As th e  te m p e ra tu re  i s  in c re a s e d  th e  upper component o f  
th e  ground s t a t e  becomes p o p u la te d  and a s ig n a l  o f  o p p o s i te  s ig n  
appears  on th e  lower energy  s i d e .  This  d e g e n e ra te  ground s t a t e  
has  a g -v a lu e  o f  0 . 44.
1 7 7 .
FIGURE 6 ,4  Absorbance and MCD spectra of the 418.4nm line in 
LiF(U.O). (a) MCD at  7 K (b) MCD at  50 K 
(c) absorbance at  7 K (d) absorbance at  50 K
W a v e l e n g t h  (nm)
FIGURE 6 ,5  Absorbance and MCD spectra of the 384.5nm line in 
LiF(U.O). (a) MCD at 8 K (b) MCD at 50 K 
(c) absorbance at  8 K
1 7 8 .
c) 393.6nm l i n e
S im i la r  to  t h e  5 6 2 .8nm l i n e ,  th e  3 9 3 .6nm l i n e  gave a 
te m p e ra tu re  independen t d e r i v a t i v e  shaped MCD s ig n a l  excep t f o r  
s l i g h t  b ro ad en in g  o f  th e  s ig n a l  w ith  in c r e a s in g  te m p e ra tu re .
Hence t h i s  MCD s ig n a l  i s  a t t r i b u t e d  to  a d e g e n e ra te  e x c i te d  s t a t e  
hav in g  a g -v a lu e  o f  0 .1 2 .
d) 384.5nm l i n e
F igu re  6 .5  p r e s e n t s  th e  absorbance  and MCD o f  t h i s  l i n e  a t  
d i f f e r e n t  t e m p e ra tu re s .  The MCD s ig n a l  i s  asym m etric a t  low 
te m p e ra tu re s  and becomes d e r i v a t i v e  shaped a t  h igh  te m p e ra tu re s ;  
b u t  u n l ik e  th e  MCD s ig n a l  o f  th e  4 1 8 .4nm l i n e ,  a t  low te m p e ra tu re s  
th e  3 8 4 .5nm l i n e  g iv es  th e  a b s o r p t i o n - l i k e  band shaped MCD s ig n a l  
to  th e  lower energy  s id e  o f  th e  absorbance peak. This  s ig n a l  lo s e s  
i n t e n s i t y  as th e  te m p e ra tu re  i s  in c re a s e d  w ith  a s ig n a l  o f  o p p o s i te  
s ig n  ap p ea r in g  on th e  h ig h e r  energy  s id e .  I t  i s  concluded t h a t  
bo th  th e  ground s t a t e  and th e  e x c i te d  s t a t e  a s s o c ia t e d  w ith  th e  
384 .5nm l i n e  a re  d e g e n e ra te .  At h igh  te m p e ra tu re s  th e  g -v a lu e  was 
found to  be -0 .3 1  u s in g  th e  method o f  moments. This w i l l  r e l a t e  
to  th e  d i f f e r e n c e  o f  th e  two in d i v id u a l  g -v a lu e s  o f  th e  ground and 
e x c i t e d  s t a t e s .
The 5 4 3 .3nm, 5 4 0 .8nm and 389 .6nm l i n e s  were too  weak to  g ive  
any a p p re c ia b le  s i g n a l s .
6 . 3 . 3  FLUORESCENCE AND UNIAXIAL STRESS EXPERIMENTS 
ON THE 5 6 2 . 8nm LINE
To f in d  th e  p o s i t i o n  o f  th e  f lu o r e s c e n c e ,  i f  any, a s s o c ia t e d  
w ith  th e  C„ c e n t r e ,  a x - i r r a d i a t e d  LiF(U,0) c r y s t a l  in  which th e  
5 6 2 .8nm l i n e  was s t r o n g ly  p r e s e n t  was coo led  by he lium  gas flow in  
a f low tube to  about 10K and pumped a t  5 6 2 .8nm u s in g  a dye l a s e r  f o r
179.
excitation. An infrared detector was used to look for emission 
but none was detected.
Uniaxial stress experiments were tried on a x-irradiated
LiF(U,0) crystal which showed the presence of the 562.8nm line.
The sample was mounted on a sample holder attached to a piston and
was cooled to about 10K by helium gas flow in a flowtube. White
light, after being dispersed by a monochromator, was allowed to
enter the sample in the <100> direction and on passing through
the sample was detected by a S-20 photomultiplier and displayed
on a chart recorder. The pressure on the sample was increased
2 2from zero to 9 kg/mm in steps of 3 kg/mm with the compression
axis along the <001> direction and the absorption spectrum was
recorded at each interval. No splitting of the 562.8nm line was
observed. The cracking of the sample prevented measurements being
2made with sample pressure greater than 9 kg/mm .
6,3,4 GROWTH OF THE 562,8nm LINE
A single beam set up was used adjacent to the x-ray generator 
to enable the growth rate to be monitored while the sample was 
being irradiated. A LiF(U,0) sample was cooled to about 20K in 
the continuous flow cryostat. White light from a source was 
filtered before entering the cryostat, to cut off light in the 
blue and UV regions which might 'bleach' the newly formed centres. 
The sample was kept in the dark except for the light incident on 
it. The incident light on passing through the sample was analysed 
using a Spex monochromator and detected by a S-20 photo­
multiplier. The signal was displayed on a chart recorder.
The sample was x-irradiated and the growth of the 562.8nm 
line was measured simultaneously at about 15 minute intervals.
180.
The effect of time lapse after irradiation on the signal was 
observed by measuring the line just after irradiation is stopped 
and at a later time, keeping the sample under the same conditions 
all along. After nearly 90 minutes of total irradiation time, 
radiation was stopped and the sample warmed to and held at room 
temperature (~20°C) for different periods of time. Each time the 
sample was cooled to ~15K and the absorption spectrum was recorded. 
The results are shown in Figure 6.6.
6.3.5 HEAT TREATMENT OF THE 562,8nm LINE
The absorption spectrum of an irradiated LiF(U,0) sample was 
measured to ensure the presence of the 562.8nm line. The sample 
was then annealed in a furnace, starting with two hours at a 
temperature of 200°C and increasing the temperature by 100°C every 
two hours, for a total annealing period of six hours. Then the 
sample was allowed to cool gradually to room temperature (~25°C), 
by switching the current supply to the furnace and leaving the 
sample in the furnace until the temperature cooled down to room 
temperature. The absorption spectrum of this sample taken under 
similar conditions as the previous spectrum showed no presence of 
the 562.8nm line.
6.3.6 THE 547,2nm ABSORPTION LINE IN SOME x-IRRADIATED 
LiF(U , 0) CRYSTALS
A LiF(U,0) crystal which was grown from an impure LiF melt 
and showing strong absorption at 518.5nm and 505.2nm, indicating 
the presence of the principal and centres (Chapter 2), was 
x-irradiated at liquid temperature for one hour. The absorption
181 .
T im e  (ho urs)
FIGURE 6 ,6  Growth curve o f  the 562.8nm l in e  in LiF(U,0)
(a) the open c i rc les  indicate x - i r ra d ia t io n  o f  the 
sample at 15 K
(b) the cross indicates keeping the sample at 15 K 
a f te r  stopping i r ra d ia t io n
(c) the closed c i rc les  indicate warming the sample 
to ~ 20°C
182.
spectrum after x-irradiation in the 500-600nm region showed the 
presence of a sharp new line at 547.2nm, which was not present 
before the irradiation, together with other lines given in Table 
6.1. The energy separation of this 547.2nm line from the 505.2nm 
line is 1518 cm ^, which is identical with the energy separation 
between the 562.8nm line and the 518.5nm line, although this could 
be fortuitous.
6 .4  RESULTS FOR x~IRRADIATED NaF(U,0)
NaF(U,0) crystals, when x-irradiated, showed the presence of
a strong absorption line at 580.6nm and a weak absorption line at
627.6nm (Figure 6.7). MCD experiments on the x-irradiated sample
showed both these lines giving temperature independent derivative
shaped MCD signals, with the 627.6nm line giving a much stronger
MCD signal than the 580.6nm line.
Uniaxial stress experiments were tried on a x-irradiated
2NaF(U,0) sample at 10K, up to a sample pressure of 10 kg/mm .
The procedure was analogous to that mentioned for LiF(U) in 
section 6.3.3. No splitting of the 580.6nm line was observed.
The 627.6nm line was too weak to look for stress effects.
Using the similar experimental set-up as mentioned in 
section 6.3.4, the growth curve of the 580.6nm line was obtained 
and is shown in Figure 6.8.
183 .
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6,8 Growth curve of the 580.6nm line in irradiated 
NaF(U,0)
(a) open circles indicate x-irrad ia tion  at 20 K
(b) crosses indicate keeping the sample at 20 K 
a fte r stopping the x-irrad ia tion
(c) closed c irc le  indicates warming the sample 
to ~ 20°C
6,9 A possible model fo r the 562.8nm centre in LiF(U,0) 
and the 580.6nm centre in NaF(U,0)
185.
6.5 DISCUSSION OF THE RESULTS
Although the 562.8nm absorption line in x-irradiated LiF(U,0) 
crystals have been reported earlier (Parrot et al., 1977), this is 
the first time an absorption line due to irradiation of NaF(U,0) 
around the same region, 580.6nm, has been found. These centres 
have been shown to be associated with uranium and are formed on 
irradiation. The temperature independent MCD of these centres 
clearly proves that these are not paramagentic centres as the 
centre in LiF(U,0) (Parrot et al., 1977). The enhancement of the 
signals when x-irradiation is stopped and the sample is warmed up 
(Figures 6.6 and 6.8) indicates that these centres are connected 
with the mobility of some defects in the crystal.
It is very difficult at this stage to ascribe these lines to 
centres of a particular defect complex with any certainty. One 
of the possible models is shown in Figure 6.9. During x-irradiation the 
fluorine ion in the UO<_F complex can be removed from the normal 
lattice site, thereby creating a vacancy and giving rise to the 
complex shown in Figure 6.9. The absorption at 562.8nm in LiF(U,0) 
and 580.6nm in NaF(U,0) could arise from a transfer of an electron 
from the 2p orbital of an oxygen ion to either the vacancy or the 
uranium ion. This would give a singlet ground state as expected 
from the temperature independent MCD results.
When the irradiation is stopped, there will be diffusion of 
vacancies through the crystal by the jump of an adjacent ion of 
the appropriate sign into the vacancy, the vacant lattice point 
thus moving to a new position in the crystal. This would result 
in more U0,_F centres trapping a vacancy and hence a growth in the 
562.8nm line. For a jump of a normal ion into a vacancy a
186 .
p o t e n t i a l  b a r r i e r  must be overcome, hence t h i s  p ro ces s  r e q u i r e s  
an a c t i v a t i o n  energy and i s  t e m p e r a t u r e  dependent .  Th is  e x p l a in s  
why t h e r e  was no a p p r e c i a b l e  change i n  th e  5 6 2 . 8nm l i n e  when t h e  
r a d i a t i o n  was s topped  and t h e  sample was m a in ta ined  a t  low 
t e m p e r a t u r e s .
Although i n c r e a s i n g  t h e  t e m p e ra t u r e  caused an i n c r e a s e  i n  
t h e  new a b s o r p t i o n  l i n e s  (F ig u re  6 .8  and F igure  6 .6)  i t  d id  not  give 
a very  d ram a t ic  e f f e c t .  Th is  cou ld  be due t o  t h e  v a c a n c ie s  g e t t i n g  
t r ap p e d  a t  o t h e r  im p u r i ty  c e n t r e s  i n  th e  s o l i d  o r  a t  d i s l o c a t i o n s .  
One could  a l s o  expec t  t h a t  t h e  complex shown i n  F igure  6.9 would 
te n d  t o  d i s s o c i a t e  when t h e  sample i s  warmed up (Schulman and 
Compton, 1962).  But even on t h i s  s imple  model,  i t  i s  d i f f i c u l t  t o  
p r e d i c t  t h e  charge t r a n s f e r  r e s p o n s i b l e  f o r  t h e  a b s o r p t i o n  l i n e s .
I f  i t  i s  a t r a n s f e r  o f  an e l e c t r o n  from t h e  2p o r b i t a l  o f  th e  
oxygen t o  t h e  uranium 5 f  o r b i t a l ,  i n  ana logy wi th  th e  p r i n c i p a l  
c e n t r e s  (Chapter  4) one would ex p e c t  A s t a t e s  and an E s t a t e  
w i th  a sm al l  g -v a lu e  t o  be t h e  lowes t  e x c i t e d  s t a t e s ,  a l though  not  
n e c e s s a r i l y  i n  t h e  same o r d e r .  The 56 2 .8nm l i n e  i n  LiF(U,0) and 
5 80 .6nm l i n e  i n  NaF(U,0) a r e  due t o  e x c i t e d  E s t a t e s  w i th  small  
g - v a lu e s ,  b u t  t h e r e  i s  no s u g g e s t i o n  o f  an al lowed  t r a n s i t i o n  from 
t h e  ground s t a t e  to  an A^ s t a t e  c l o s e  to  t h e  E s t a t e .  The t r a n s f e r  
o f  an e l e c t r o n  from t h e  2p o r b i t a l  o f  an oxygen ion  t o  t h e  vacancy
3
w i l l  r e q u i r e  t h e  e l e c t r o n  t o  be from a tt bond o f  th e  2p o r b i t a l  
(having m = ± 1) t o  g iv e  a d e g e n e r a t e  e x c i t e d  s t a t e ,  b u t  t h i s  
would r e s u l t  i n  a g -v a lu e  c l o s e r  t o  one than  t o  ze ro .  Hence more 
exper imen ts  are r e q u i r e d  t o  f i n d  th e  n a t u r e  o f  t h e s e  c e n t r e s  and 
o f  the  t r a n s i t i o n  g iv i n g  r i s e  t o  t h e  observed  a b s o r p t i o n .
Although th e  d a t a  g iven  i n  Table  6 .1  i n d i c a t e s  t h e  p o s s i b i l i t y  
f o r  th e  new c e n t r e s  c r e a t e d  by x - i r r a d i a t i o n  i n  LiF(U,0) in  the
1 8 7 .
b lu e  and UV re g io n s  t o  be connec ted  w i th  th e  c e n t r e  r e s p o n s i b l e  
fo r  t h e  5 6 2 . 8nm l i n e ,  i t  can be concluded  from the  t e m p era tu re  
dependence o f  t h e  MCD s i g n a l s  t h a t  a t  l e a s t  th e  4 1 8 . 4nm l i n e  and 
t h e  384 .5nm l i n e  a re  due t o  a d i f f e r e n t  c e n t r e  or  c e n t r e s  from th e  
5 6 2 . 8nm l i n e .  These two l i n e s  a re  due to. t r a n s i t i o n s  from a 
d eg en e ra te  ground s t a t e  w h i le  t h e  c e n t r e  r e s p o n s i b l e  f o r  th e  
5 6 2 . 8nm l i n e  has a s i n g l e t  ground s t a t e .
The 5 4 7 . 2nm l i n e  i n  x - i r r a d i a t e d  LiF(U,0) i s  most p o s s i b l y  
a s s o c i a t e d  w i th  a change o f  some form by i r r a d i a t i o n  o f  t h e  
c e n t r e s  g iv i n g  th e  5 0 5 . 2nm a b s o r p t i o n  l i n e .
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The p r i n c i p a l  f l u o r e s c e n t  c e n t r e s  in  c r y s t a l s  o f  l i t h iu m  
f l u o r i d e  and sodium f l u o r i d e  doped w i th  uranium have C4V 
symmetry. A d e t a i l e d  s tu d y  o f  t h e  s p e c t r o s c o p i c  p r o p e r t i e s  
o f  t h e s e  c e n t r e s  a t  l i q u i d  he l ium  te m p e r a tu r e  has been made 
u s in g  s e l e c t i v e  e x c i t a t i o n  s p e c t ro s c o p y  and m agne t ic  c i r c u l a r  
d ic h ro i s m .  P o l a r i z e d  s e l e c t i v e  e x c i t a t i o n  has been a p p l i e d  
u s in g  a t u n a b le  dye l a s e r  t o  o b t a i n  t h e  p o l a r i z e d  a b s o rp t io n  
and f l u o re s c e n c e  s p e c t r a .  M agnetic  c i r c u l a r  d ic h ro i sm  has 
r e v e a l e d  th e  p r e s e n c e  o f  a l o w - ly in g  e x c i t e d  s t a t e  o f  E symmetry.
INTRODUCTION
C r y s t a l s  o f  l i t h i u m  f l u o r i d e  and sodium f l u o r i d e  doped w i th  uranium and grown in 
an o x i d i z i n g  a tm osphe re  have f l u o r e s c e n t  s p e c t r a  c o n t a i n i n g  many narrow l i n e s  
and sh a rp  bands which a r e  a t t r i b u t e d  t o  U5 + c e n t r e s .  Some o f  t h e s e  l i n e s  may be 
due to  uranium c e n t r e s  c o n t a i n i n g  i m p u r i t i e s  and i t  i s  found t h a t  s t a r t i n g  with  
zone r e f i n e d  f l u o r i d e s  y i e l d s  f l u o r e s c e n t  s p e c t r a  w i th  t h e  s t r o n g e s t  em iss ion  
l i n e s  a t  5 2 7 .8nm and 5 6 3 .6nm in  LiF:U and NaF:U r e s p e c t i v e l y .  Models f o r  th e  
f l u o r e s c e n t  c e n t r e s  have been p roposed  c o m p r is in g  UO5 groups^ o r  UO5 groups with  
an a d d i t i o n a l  ch arge  c o m p e n s a t o r . U n ia x ia l  s t r e s s 5 and e l e c t r i c  f i e l d  p e r t u r b ­
a t i o n  e x p e r im en ts  have e s t a b l i s h e d  t h a t  t h e s e  p r i n c i p a l  c e n t r e s  have Cqv 
symmetry^. EPR s p e c t r a  c o n t a i n i n g  s u p e r h y p e r f i n e  d o u b le t s  due t o  one f l u o r i n e  
i o n 5 and o p t i c a l  s p e c t r a 5 o f  x - i r r a d i a t e d  c r y s t a l s  have been i n t e r p r e t e d  in  
terms o f  a U5+ ion su r ro u n d ed  by f i v e  oxygen io n s  and one f l u o r i n e  io n .  F u r th e r  
measurements have been made to  p r o v id e  a f u l l e r  d e s c r i p t i o n  o f  t h e  energy l e v e l s  
o f  t h e  p r i n c i p a l  c e n t r e s  in  u n i r r a d i a t e d  c r y s t a l s .  UO  ^ c e n t r e s  a r e  expec ted  
in  o t h e r  c e n t r e s  c o n t a i n i n g  im p u r i ty  i o n s ,  e . g .  Mg2+. However, e l e c t r i c a l  
c o n d u c t i v i t y  measurements? have  been used  as  e v id e n c e  f o r  a U06 c e n t r e  ch a rg e  
compensated by a f l u o r i d e  ion vacancy a lo n g  a U-0 a x i s .  I t  would seem d i f f i c u l t  
t o  account  f o r  th e  c o n s i d e r a b l e  u n i a x i a l  s t r e s s  and e l e c t r i c  f i e l d  s p l i t t i n g s  
w i th  such remote c h a rg e  com pensa t ion  f o r  t h e  p r i n c i p a l  c e n t r e s .
POLARIZED FLUORESCENCE AND SELECTIVE EXCITATION SPECTRA
E a r l i e r  measurements o f  l a s e r  e x c i t e d  f l u o r e s c e n c e  used  e i t h e r  t h e  f i x e d  argon 
ion w a v e le n g th s 5 o r  used  a  dye l a s e r  w i th o u t  p o l a r i z a t i o n ^ .  P o l a r iz e d  s p e c t r a  
have been r e c o rd e d  u s in g  a M olec tron  p u l s e d  n i t r o g e n  l a s e r  and dye l a s e r  sys tem , 
a Spex 0.75m monochromator,  a p h o t o m u l t i p l i e r  and a PAR CW-1 boxcar  i n t e g r a t o r .  
R e s u l t s  f o r  LiF:U co o led  w i th  l i q u i d  he l ium  in  a flow tu b e  t o  10K a r c  shown in 
F i g . l  where [Z,X] d e n o te s  l a s e r  p o l a r i z a t i o n  a lo n g  th e  Z a x i s  and th e  d e t e c t i o n  
p o l a r i z e r  i s  a l i g n e d  to  p ass  l i g h t  w i th  t h e  E v e c t o r  a lo n g  th e  X a x i s .  The l i n e  
a t  5 2 7 .8nm i s  p o l a r i z e d  c o n s i s t e n t  w i th  m agne t ic  d i p o l e  r a d i a t i o n  and i s  very  
s t r o n g .  The i n t e n s i t y  t o  th e  l e f t  o f  t h e  d o t t e d  l i n e  in  F i g . l  i s  reduced by 
a f a c t o r  o f  t e n  r e l a t i v e  t o  th e  w eaker v i b r o n i c  spec trum  a t  lo n g e r  w av e le n g th s .
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The e x c i t a t i o n  spec t rum o f  t he  p r i n c i p a l  c e n t r e  i s  found by va r y i ng  the  dye l a s e r  
wave leng th  wh i l e  mo n i t o r i n g  t h e  p r i n c i p a l  f l u o r e s c e n t  l i n e  a t  5 2 7 . Sum f o r  LiF:l).  
l’a r t  o f  t he  p o l a r i z e d  e x c i t a t i o n  s pe c t rum f o r  LiF:U i s  shown in F i g . 2. There 
i s  a very  s t r o n g  e l e c t r i c  d i p o l e  a l lowed  a b s o r p t i o n  l i n e  a t  5 1 8 . 5mn, shown on a 
s c a l e  r educed by a f a c t o r  o f  two.  There  i s  a l s o  a l i n e  obse rved  a t  5 0 5 . 2nm in
W a v e l e n g t h  (nm)
Fi gu re  1
P o l a r i z e d  f l u o r e s c e n c e  s p e c t r a  o f  LiF:U e x c i t e d  by a l a s e r  a t  5 1 8 . 5nm.
Em 527-8nm
W a v e l e n g t h  (nm)
F i gu re  2
P o l a r i z e d  s e l e c t i v e  e x c i t a t i o n  s p e c t r a  o f  LiF:U moni to red  a t  5 2 7 . 8nm.
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a l l  t he  s p e c t r a  a p a r t  from [Z,X] which can be e x p l a i n e d  in terms o f  an e l e c t r i c  
d i p o l e  t r a n s i t i o n  to  a doubly  d e g e n e r a t e  I: e x c i t e d  s t a t e .  As fo r  the  f l u o r e s ­
cence  s p e c t r a  t h e r e  a r e  a l s o  v i b r o n i c  f e a t u r e s .  R e s u l t s  f o r  NaF:U a r e  s i m i l a r  
and t he  f ou r  lowes t  energy  l e v e l s  f o r  LiF:U and NaF:U a r c  shown in F i g . 3.
MAGNIiTIC CIRCULAR 1)1 GIRO ISM (MCD)
S i nc e  A -*• E t r a n s i t i o n s  have a d e gene r acy  which can be removed by a magnet ic  
f i e l d ,  MCD s p e c t r a  were o b t a i n e d  u s i n g  a J a r r e l l - A s h  lm s pe c t r o me t e r  and a ST 
Oxford I n s t r um e n t s  s u p e r c o n d u c t i n g  magnet  i n  our  o p t i c a l  c r y o s t a t .  The c r y s t a l  
t e m p e r a t u re  was about  10K. A p o r t i o n  o f  t h e  MCD spec t rum f o r  LiF:U i s  shown 
in  F i g . 4 a long  wi th  t he  c o r r e sp o n d i n g  r eg io n  o f  t h e  a b s o r p t i o n  spect rum.  The 
l i n e  a t  5 0 3 . 2nm shows a c l e a r  MCD s i g n a l ,  and a n a l y s i s  o f  t h e s e  s p e c t r a  y i e l d  
a g - v a l u e  o f  a b o u t - 0 . 1  f o r  t he  e x c i t e d  F l e v e l .  O t he r  C s t a t e s  have been 
d e t e c t e d  a t  s h o r t e r  wa ve l eng t hs .
LiF: U NaF:  U
Wave n u m b e r
(cm'')
W a v e n u m b e r  W a v e n u m b e r  
d i f f e re n c e  / c m ' 1)
( c m - )
Wave number
difference
( c m - ’ )
1 9 8 6 8
1 9 2 8 4
1894 1
1 8 5 8 6 - 8 4 8
18085
17738
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The fou r  l owes t  energy l e v e l s  o f  LiF:U and NaF:U.
CONCLUDING RLMARKS
Using p o l a r i z a t i o n  s p e c t r o s c o p y  and magne t i c  c i r c u l a r  d i c h r o i s m  an energy l ev e l  
scheme has  been d e r iv e d  f o r  t he  p r i n c i p a l  f l u o r e s c e n t  c e n t r e s  i n  LiF:U and 
NaF:U. A d e t a i l e d  accoun t  c o n t a i n i n g  e x t e n s i v e  r e s u l t s  f o r  both  LiF:U and 
NaF:U w i l l  be p u b l i s h e d  e l s e wh e r e .  Mol ec u l a r  o r b i t a l  c a l c u l a t i o n s ,  i nc l u d i n g  
Coulomb, exchange ,  c r y s t a l  f i e l d  and s p i n - o r b i t  i n t e r a c t i o n s ,  have been made 
o f  t he  energy l e v e l s  o f  t h e  UOg complex b e l i e v e d  to  form t h e s e  p r i n c i p a l  c e n t r e s .  
U n i ax i a l  and e l e c t r i c  f i e l d  s p e c t r a  and t h e  El’R s p e c t r a  o f  i r r a d i a t e d  c r y s t a l s  
p r ov i de  s t r o n g  su p p or t  f o r  t h e  UO5 model and a l t e r n a t i v e  p o s s i b i l i t i e s  need 
t o  be e xp lo r ed  t o  account  f o r  t he  c o n t r a d i c t o r y  e l e c t r i c a l  c o n d u c t i v i t y  d a t a .
2 1 2 W.A. Runciman et al. /  The luminescence o f  uranium-activated alkali fluorides
W a v e l e n g t  h (nm)
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Abs orp t io n  and MCD s p e c t r a  o f  LiF:U.
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